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Froth flotation is an efficient method to selectively separate particulate species from 
aqueous dispersions or slurries. It has been widely utilized in many industries, such as 
mineral operation, oil recovery, waste paper recycling and waste water treatment, to name 
but a few. It relies on the principle that hydrophobic particles can attach to gas bubbles 
while hydrophilic ones cannot. For instance, in the flotation de-inking process, it can 
remove hydrophobic ink particles (such as offset inks and flexographic inks) but retain 
hydrophilic paper fibers. 
However, froth flotation has fundamental limitations that make it unsuitable for 
current separation challenges in the paper recycling process, as well as in other application 
areas. In order to be separated from aqueous dispersions or slurries by gas flotation, the 
particles need to be either naturally hydrophobic or need to be rendered as hydrophobic by 
surface treatments. Some reagents, called collectors, can selectively adsorb onto the 
particle surface and tune the hydrophobicity of the particles. However, this may sometimes 
cause undesired synergistic interactions among collectors, activators, depressants and 
dispersants in the slurry. The use of collectors also tends to decrease the separation 
selectivity and increase costs. An alternative approach is not to tune the hydrophobicity of 
the particles, but to tune the hydrophobicity of the bubbles. This can be achieved by coating 
the bubbles with a thin film of oil, making its surface less hydrophobic than uncoated air 
bubbles, which is usually referred to as oily-bubble flotation in the literature. In recent 
years, there have been some studies on the application of oil-coated bubble flotation in 
mining operation and bitumen recovery, but the underlying mechanism is not fully 
 xix 
understood yet. To the best of our knowledge, there has not yet been a systematic 
comparison of oil-coated bubble flotation and uncoated bubble flotation. 
In this study, we have systematically examined the fundamental aspects of oil-
coated bubble flotation and compared it with the conventional uncoated bubble flotation. 
Oil-coated bubble flotation exhibits advantages over the traditional method from the 
following perspectives: 1) thermodynamics: for some hydrophilic particles, the adsorption 
energy benefit is higher at the oil-water interface compared with air-water interface, 
indicating stronger particle adsorption at the bubble surface; 2) kinetics: the particle 
adsorption barrier is lower at the oil-water interface compared with air-water interface, 
therefore particles adsorb to the oil-water interface more readily; 3) hydrodynamics: oil-
coated bubbles rising in water display lower rising velocity, reduced magnitude of lateral 
excursions and more spherical shape compared with uncoated bubbles. These 
hydrodynamic differences can be beneficial to the flotation process. For example, lower 
rising velocity means the bubbles can stay longer in the slurry, therefore having more 
opportunities to interact with the particles.  
After obtaining a better fundamental understanding of oil-coated bubble flotation, 
we aim at evaluating its performance in separating some less hydrophobic or even mildly 
hydrophilic particles, which are usually difficult to separate with the current technology. 
Inspired by our previous studies on capillary foams, we first developed a simple and 
convenient assay: a foaming test to evaluate the ability of particles to be collected and 
separated by gas bubbles (referred to as “particle floatability” in the remaining thesis). 
Particles that can create a significant amount of capillary foam display high affinity to the 
 xx 
oil-water interface, and are therefore more likely to be separated using oil-coated bubble 
flotation. 
Finally, we focused on an industrially-relevant separation system to examine the 
performance of oil-coated bubble flotation. Flotation de-inking provides an interesting 
application area because the most modern types of ink particles are hydrophilic and 
therefore difficult to separate with current technology, but potentially amenable to oil-
coated bubble flotation. Recycled paper pulps are also a convenient system to investigate, 
because the absorbance of ink particles at UV-vis wavelength range allows for quantitative 
evaluation of the flotation performance. In this study, flotation de-inking using both 
uncoated and oil-coated bubbles was performed with miniaturized and larger-scale tests. 
System parameters including oil type, salt type, salt concentration and pH were 
systematically evaluated. We found that oil-coated bubble flotation often dramatically 
outperforms the standard technique with uncoated bubbles; the highest ink removal 
efficiency was observed in systems containing multivalent salts at low pH when using 
bubbles coated with 1-octanol. This work sheds light on the mechanism of oil-coated 
bubble flotation in the separation of less hydrophobic or even mildly hydrophilic particles, 
and is expected to trigger broader interests in many other separation systems.
 1 
CHAPTER 1. INTRODUCTION 
1.1 Froth Flotation 
The selective separation of particulates from aqueous dispersions or slurries is 
crucial to many industrial processes, including mineral separation,[1-3] bitumen 
recovery,[4-6] deinking processing[7-9] and waste water treatment,[10-12] only to name 
but a few. Froth flotation, which relies on the selective adsorption of small particles to 
rising gas bubbles (or the attachment of small gas bubbles to larger solids in some cases) 
and their joint rise into a readily separable froth, has been one of the enabling technologies 
of the past century and is still one of the most widespread large-scale separation 
techniques.[13] 
1.1.1 Mechanism 
As shown in Figure 1-1, the basic principle of froth flotation is that hydrophobic 
particles will attach to rising gas bubbles and will be lifted to the surface, whereas more 
hydrophilic components will remain in the slurry. A slightly different scenario is when 
separating larger solids, gas bubbles will preferentially attach to the surface of hydrophobic 
solids, and the complex will jointly float to the top due to increased buoyant force. In this 
study, we are more interested in separating some small particles (less than 10 μm) to 
address some industrially-related separation challenges such as de-inking, therefore we 
will only focus on the former scenario. 
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Figure 1-1 Mechanism of conventional froth flotation. 
 
In order for the particles to be collected and removed by the rising gas bubbles, the 
following three sub-processes are necessary: the collision between particles and bubbles, 
the attachment of particles onto bubble surfaces, and particles staying stable on bubble 
surfaces until being lifted to the froth layer and being removed. Derjaguin and Dukhin [14] 
defined the overall particle collection efficiency, colE , in terms of the efficiency of above 
three independent sub-processes, namely the particle-bubble collision efficiency, cE , 
particle attachment efficiency, aE , and particle stability efficiency sE : 
 
col c a sE E E E= × × . (1-1) 
To achieve a high particle collection efficiency, each of the sub-processes need to 
be optimized. The particle-bubble collision is mainly influenced by the hydrodynamics of 
bubble motion; the particle-bubble attachment is mainly influenced by the interactions 
between the particle and bubble; the stability of particles on bubble surfaces is influenced 
 3 
by both the particle-bubble interaction and the bubble motion.[13, 15-16] Therefore, the 
following discussion will focus on these two important perspectives: particle-bubble 
interaction and bubble rise dynamics. 
1.1.1.1 Particle-Bubble Attachment: Interaction Force and Energy 
For the conventional froth flotation, the interaction between the particle and the 
bubble surface (air-water interface) can be calculated based on the extended DLVO 
(Derjaguin, Landau, Vervey, and Overbeek) theory. The particle-bubble interaction results 
from the joint contributions of van der Waals, electric double layer, and image force 
interactions. 
The van der Waals interaction between a spherical particle and a flat air-water 





= − , (1-2) 
where awpH is the nonretarded Hamaker constant obtained by the mixing rule 
 ( )( )awp aa ww pp wwH H H H H= − − , (1-3) 
and where r  is the particle radius and h  is the separation distance. aaH , wwH  and ppH  
are the Hamaker constants from the exact Lifshiftz theory results for the symmetric 
interaction of air, water, and solid particle across a vacuum.[18] 
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The electrostatic double layer (EDL) energy of interaction between the particle and 
the interface was calculated as[18] 
 
2




zek T zeU r h
ze k T k T
ψ ψπε ε κ= −  (1-4) 
where 0ε  is the dielectric permittivity of the vacuum, rε  is the relative dielectric constant 
of water, Bk  is Boltzmann constant, T  is temperature, z  is the ion valence of the 
electrolyte solution, e  is the elementary charge, 1κ −  is the Debye length , pψ  is the 
surface potential of particle, and aψ  is the surface potential of air-water interface. Equation 
1-4 is based on a linear superposition of the Gouy-Chapman solutions for the electrostatic 
potential near flat charged surfaces and implements the Derjaguin approximation to 
account for the particle curvature, against which the curvature of the fluid-fluid interface 
is neglected. 
It is well-known that a charged particle near an interface with discontinuity of 
dielectric permittivity experiences a force pointing towards the more polarizable medium, 
which is called the image force interaction (as if the interaction resulted from an “image 












where 1ε  is the dielectric constant of the medium where the particle is located, and 2ε  is 
the dielectric constant of the particle-free medium. The interaction between two spherical 
particles is given by[18] 
 
2




zek T zeU r h
ze k T k T
ψ ψπε ε κ= − , (1-6) 
where iψ  is the surface potential of the image charge, is given by Equation 1-7:[18] 
 












where wε  is the dielectric constant of water and aε  is the dielectric constant of air. 
 In most cases, the overall repulsion force outweighs the attraction force, leading to 
an adsorption energy barrier. Only particles with sufficient energy can overcome this 
energy barrier and come in contact with the interface. In the next chapter, the difference 
between the particle adsorption at the air-water interface (uncoated bubble surface) and the 
oil-water interface (oil-coated bubble surface) will be compared, showing the lower 
adsorption energy barrier at the oil-water interface and the resulting kinetic benefit of oil-
coated bubble flotation. 
1.1.1.2 Particle-Bubble Attachment: Induction Time 
Particles collided with the gas bubbles do not necessarily get attached immediately, 
even the particle wetting at the interface is thermodynamically beneficial. It requires some 
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time (known as “induction time”) for the intervening liquid film between the particle and 
bubble to thin and rupture, and for a stable three-phase contact line to form.[19-20] Ye and 
Miller[19] measured the induction time for coal particles of different surface 
hydrophobicities, and found it ranged from less than 1 ms to 100 ms. Hewitt et al.[21] 
found that the thinning rate of the intervening liquid film on some hydrophobic quartz 
plates increased with increasing electrolyte concentration. Recently, Gu et al. [22] 
investigated the induction time between silica particle and air bubbles. They found that the 
induction time decreases with increasing temperature, and it was shortest in deionized 
water but longest in process water containing 50 ppm calcium ions. Wang et al. [23] 
developed a model to describe the induction time of an air bubble in contact with a 
methylated silica bead, based on an analytical solution of Reynolds approximation under 
the specific boundary conditions. It was found that the induction time increased with 
increasing bubble size. 
Considering the relatively narrow range that induction time varies (compared to the 
more significant change of bubble residence time in the slurry by coating the bubbles with 
a thin layer of oil, which will be presented in Chapter Three) and limited impact on flotation 
performance, it will not be the focus of this thesis. However, future studies will still be 
meaningful to confirm whether the induction time exhibits remarkable difference between 
uncoated and oil-coated gas bubbles and the resulting influence on particle adsorption in 
froth flotation. 
1.1.1.3 Bubble Rise Dynamics 
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Since flotation performance is closely related to the dynamic rise behavior of air 
bubbles, it is of great interest to understand and predict bubble rise dynamics. The motion 
of uncoated bubbles has already been studied extensively by several researchers (see e.g., 
ref. [24-28]). The shape deformation, breakup, and path instability have been investigated 
thoroughly. Recently, we have successfully used the volume-of-fluid (VOF) method with 
dynamic adaptive grid refinement to simulate the rise dynamics of an initially spherical air 
bubble rising from a quiescent liquid,[29] and then applied the model to predict dynamics 
under several different flow conditions.[30-32] Tripathi et al.[29] have also identified five 
different regimes of starkly distinct behaviors (namely: axisymmetric, skirted, 
zigzagging/spiraling, peripheral break-up and central breakup regions of an air bubble 
rising in water). 
1.1.2 Limitation and Remedies 
Based on the discussion of the separation mechanism, one of the most serious 
limitations of conventional froth flotation is that water-dispersible particles can be simply 
too hydrophilic to adhere strongly to gas bubbles.[33] For effective particle removal from 
aqueous dispersions or slurries by gas flotation, the particles need to be naturally 
hydrophobic, which is not always the case. 
A straightforward approach to this problem is to render the hydrophobicity of the 
particles, therefore enhancing particle-bubble attachment. Some reagents, called collectors, 
can selectively adsorb onto the particle surface and tune the hydrophobicity of the 
particles.[34-35] As early as 1920s, Taggart pointed out that oils added to the system can 
enhance the performance of phosphate and coal flotation.[36] Many other chemicals 
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including fatty acids and surfactants have also been used as collectors, but they often cause 
undesired synergistic interactions among collectors, activators, depressants and dispersants 
in the slurry.[13] The use of collectors also tends to decrease the separation selectivity and 
increases costs.[13, 37] 
Inspired by the use of oil as collectors in flotation, an alternative method has been 
developed: using oils to tune the surface properties of gas bubbles, not particles. By coating 
the gas bubble with a thin film of oil, the bubble surface can be adjusted less hydrophobic 
(compared to uncoated bubbles) to allow more efficient adsorption of less hydrophobic or 
even mildly hydrophilic particles (as shown in Figure 1-2). This idea of oil-coated bubbles 
has been applied in many areas in recent years. Liu et al.[37] covered air bubbles with a 
thin layer of kerosene, and investigated the attachment of coated-bubbles on silica, 
sphalerite and galena surfaces, and established the concept of reactive oily-bubble flotation. 
Zhou and his co workers[38-39] demonstrated the application of reactive oily bubbles in 
bastnaesite flotation. Wallwork et al.[40] and Su et al.[41] applied reactive oily bubbles to 
bitumen recovery. Chen et al.[42] and Tarkan et al.[43-45] developed a novel process, 
compressed air-assisted solvent extraction, to generate micro-sized solvent-coated air 
bubbles for metal extraction and bitumen recovery. Recently, Chen et al.[46] explored the 
interaction energy between long-flame coal particles and diesel oily bubbles and improved 
the flotation process. 
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Figure 1-2 Mechanism of oil-coated bubble flotation. 
 
1.2 Paper Recycling Process and Flotation De-Inking 
The paper recycling process has gained growing attention over recent decades. 
Some of the reasons include the shortage of virgin wood fibers and the government 
restrictions on solid wastepaper landfilling. According to the American Forest & Paper 
Association, the amount of recycled paper keeps increasing each year and more than 60% 
of the paper products in the US are now being recycled.[47] 
Waste paper products of different grades such as mixed office waste (MOW), old 
corrugated containers (OCC), old newspaper (ONP) and old magazine (OMG) are being 
collected and sent to the paper recycling mills. The quality of recycled fibers cannot 
compete with the virgin fibers, therefore a series of physical and chemical treatments are 
required in order to reuse these recycled fibers. The typical processes include pulping, 
screening, cleaning and de-inking, along with combinations of kneading, soaking, and 
washing. 
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Flotation de-inking is one of the most essential operations in the paper recycling 
industry to remove ink particles from the pulp slurry. The basic principle is that 
hydrophobic ink particles can attach to the hydrophobic air bubble surface and be lifted to 
the top where they can form a readily removable froth layer, while those hydrophilic paper 
fibers cannot attach and remain in the slurry. 
There are several important steps involved during pulping and de-inking: [48] 
 Ink particles detach from fibers; 
 Ink particles collide with gas bubbles; 
 The collision must provide sufficient energy to overcome the repulsive forces between 
the particles and the bubbles in order to form a stable complex; 
 The air bubble must carry ink particles to the top; 
 The air bubble/ink particle complex must be removed and cannot be recycled back into 
the slurry. 
Our study focuses on the second through the fourth steps - the interactions between 
ink particles and bubbles and the rise of gas bubbles. The detachment of ink particles from 
fibers is a very complicated research topic on its own and it is beyond the scope of this 
thesis. 
The traditional ink particles such as offset ink particles and flexographic ink 
particles are typically hydrophobic, and have a higher affinity for the gas bubbles, therefore 
can be collected and removed efficiently. However, due to changes in printing methods, 
waterborne inkjet inks containing hydrophilic ink particles have been used more widely in 
recent years. It is generally believed that this kind of waterborne ink is more 
environmentally benign, but it has actually led to an issue in the paper recycling industry: 
they cannot be efficiently removed by the conventional flotation de-inking due to lower 
affinity to the gas bubbles.[49-50] 
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To solve this problem, people first tried to use some regents (called “collectors”) to 
make the ink particle more hydrophobic. However, these chemicals often cause undesired 
synergistic interactions among collectors, activators, depressants and dispersants in the 
slurry.[13] The use of collectors also tends to decrease the separation selectivity and 
increases costs.[13, 37] As an alternative, people have also been exploring some other 
methods such as adsorption de-inking[51] and enzymatic de-inking[52-53], but it has not 
been completely confirmed whether these methods can remove hydrophilic ink particles 
efficiently and economically. 
 
1.3 Capillary Foam 
Foams are concentrated dispersions of gas bubbles in a continuous liquid phase. 
They are ubiquitous in our daily lives as well as in many industrial processes, such as food 
and beverages,[54-55] cosmetic products,[56] ceramic foam catalysts,[57] polyurethane 
foam products,[58] the oil recovery process[59-60] and in wastewater treatment,[61] to 
name but a few. Two of the most important foam properties are stability and foamability. 
Foam stability describes the long-term existence of foam without bubble bursting, and can 
be quantified by the time taken by the foam to decay to half the original height after the 
gas flow or frothing is stopped.[62-64] Foamability, on the other hand, is the foam-
generating capability at the initial stage of foaming, which we will characterize, as is most 
commonly done, through the initial foam volume generated from a certain volume of liquid 
by a given frothing procedure,[65-69] and point out that an alternative definition in terms 
of the time taken to form a specific volume of foam has also been used occasionally.[70] 
 12 
High foam stability is often desired,[60, 71] and traditional surfactants are still 
routinely used as stabilizers.[72-73] However, due to the low adsorption energy, surfactant 
molecules adsorb at the air-water interface loosely and desorb easily, therefore surfactant-
stabilized foams typically last for only a few days at most.[74] In addition to these stability 
problems, some surfactants are not biodegradable and harm the environment.[75] 
Particles are known to have a much larger adsorption energy benefit at the air-water 
interface compared with surfactants.[76] In recent decades, there have been many studies 
on particle-stabilized foams (Pickering foams), which can last much longer compared to 
surfactant-stabilized foams.[74, 76] However, the number of particle types suitable for 
aqueous Pickering foams are rather limited. This is because on one hand, these particles 
need to be sufficiently hydrophilic to be water-dispersible; on the other hand, they also 
need to be sufficiently hydrophobic to adsorb strongly at a gas-water interface.[77] 
Recently, our group discovered a new type of aqueous foam (capillary foam, as 
shown in Figure 1-3), which has significantly expanded the domain of particle-stabilized 
foams.[78-80] We found that in the presence of a small amount of a secondary, immiscible 
fluid (“oil”), particles with a strong affinity to the oil-water interface (but not necessarily 
to the gas-water interface) can facilitate the spreading of an oil coat around gas bubbles[81] 
and stabilize these oil-coated bubbles against coalescence and ripening by covering the oil-
water interface (Figure 1-4). Moreover, excess particles in the aqueous bulk can connect 
via oil bridges into a continuous gel network (familiar from capillary suspensions[82]), 
which entraps the (oil-and-particle) coated bubbles (Figure 1-3). 
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Figure 1-3 Structure of capillary foams.[80, 83] The system contains a continuous 
water phase, a gas phase, an oil phase, as well as particles. The agitation of the mixture 
results in a space-spanning network of particles in water (ii) connected by bridges of 
oil phase (iii), with air bubbles embedded in the network (iv) via a joint adsorption of 
particles and a thin oil film. Reproduced with permission from Ind. Eng. Chem. Res.  
56, 34, 9533-9540. Copyright (2017) American Chemical Society. 
 
 
Figure 1-4 Procedure to make capillary foams. 
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This new type of aqueous foam displays excellent long-term stability and has many 
interesting applications, such as but not limited to colored foams, load-bearing porous 
materials, oil spill cleanup and enhanced oil recovery (as shown in Figure 1-5).[79] 
 
 
Figure 1-5 Some applications of capillary foams.[78-79] 
 
Besides good long-term stability, good foamability is also desirable for many 
applications, such as personal care, food and beverages, firefighting, and many others.[84-
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86]. Despite extensive research on the foam stability in recent years, there have been very 
few studies on the foamability of particle-stabilized foams. Binks et al[87] have shown that 
both pH and salt concentration have a significant impact on particle surface charge and 
subsequently on the formation of Pickering emulsions. Since the formation of capillary 
foam similarly relies on particle accumulation in the oil-water interface, it is pertinent to 
examine how and to what extent the foamability of capillary foams is influenced by particle 
surface charge. Recently, Lin et al.[88] prepared some interesting pH-responsive Pickering 
foams using silica nanoparticles in the presence of dodecyl dimethyl carboxyl betaine as 
stabilizer, and showed that the foamability is pH-dependent because the surfactant has 
different affinity for the particle surface under different pH, rendering the wettability of the 
particles. In the capillary foam system, there is no surfactant involved. It would be very 
interesting to investigate the foamability in terms of the impact of particles alone, without 
the confounded impact from surfactants. 
In our previous studies, we have observed that several different types of particles 
cannot adsorb strongly at the air-water interface and create Pickering foams, but can adsorb 
strongly at the oil-water interface and create capillary foams.[78-80] Since the particle 
separation in froth flotation also relies on efficient particle adsorption at the fluid-fluid 
interface (air-water interface for conventional flotation, and oil-water interface for oil-
coated bubble flotation), our hypothesis is that the foaming test – whether the particles can 
be used to create noticeable amount of foams can be used as a convenient method to 
evaluate the particle floatability (whether can be collected and removed by rising bubbles) 
in the flotation process. 
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1.4 Thesis Motivation and Objectives 
The current froth flotation method is facing some challenges regarding separating 
some less hydrophobic or even mildly hydrophilic particulates, resulting from the lower 
affinity between the particulates and gas bubbles. Our study addresses this problem by 
adopting the oil-coated bubble flotation, and tries to better understand this complex 
colloidal system from both the fundamental and practical perspectives. The objectives of 
this study include: 
(a) understand the thermodynamics, kinetics and hydrodynamics of oil-coated bubble 
flotation; 
(b) develop a convenient method to evaluate the ability of particles to get collected and 
removed by rising gas bubbles (either coated or uncoated); 
(c) apply oil-coated bubble flotation to some industrially-relevant separation systems as a 
proof-of-concept. 




Figure 1-6 Structure of this thesis. 
 
1.5 Thesis Outline 
Chapter Two presents a review on the fundamentals of particle adsorption at the 
fluid-fluid interface, including the adsorption thermodynamics, adsorption kinetics and 
mass transfer. It points out the thermodynamic and kinetic advantages of oil-coated bubble 
flotation. 
Chapter Three thoroughly investigates the rise dynamics of oil-coated bubbles in 
an aqueous media, which demonstrates the hydrodynamic benefit of oil-coated bubble 
flotation. 
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Chapter Four explores a complicated colloidal system – capillary foam, which is 
consisted of oil-coated bubbles as the basic units. It serves as a simple method to evaluate 
the floatability of particles (the ability to be collected and removed by rising gas bubbles) 
without the efforts to performing the experiments on large-scale equipment a priori. 
Chapter Five focuses on the de-inking process in waste paper recycling industry 
and evaluates the feasibility of using oil-coated bubbles to remove the newer type of 
hydrophilic ink particles which are difficult to remove with the current technology. 
Chapter Six summarizes the above chapters and offers some suggestions for future 
work on this research topic. 
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CHAPTER 2. FUNDAMENTALS OF PARTICLE ADSORPTION 
AT FLUID-FLUID INTERFACES 
2.1 Introduction 
 Efficient particle adsorption at the fluid-fluid interface is one of the essential steps 
in the flotation process. The tendency and strength of particle adsorption (thermodynamics) 
and the rate of particle adsorption (kinetics and mass transfer) are two important 
perspectives to investigate, and will be discussed in this chapter. 
 
Figure 2-1 The energy profile of particle adsorption at air-water and oil-water 
interfaces. 
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Figure 2-1 shows the energy profile of particle adsorption at fluid-fluid interfaces: 
1) Energy at infinite distance is set to zero as a reference; 2) Particles feel some repulsive 
force when they get closer to the interface, therefore only particles with sufficient energy 
(obtained through thermal fluctuations or mechanical energy input) can overcome the 
energy barrier and come in contact with the interface; 3) When a particle adsorbs at the 
interface, the total free energy decreases to some extent. The lower it becomes, the more 
strongly particles are held in the interface. As will be discussed in this chapter, the oil-
water interface (e.g. of an oil-coated bubble) typically displays multiple benefits for 
particle adsorption over the air-water interface (uncoated bubble surface): a lower 
adsorption energy barrier as well as a larger free energy reduction. 
2.2 Adsorption Thermodynamics1 
2.2.1 Overview 
The reduction in the interfacial energy upon adsorption of a single particle to the 
interface is given by:[1-2] 
 ( )22, 1 cosad ij ij ijkG Rπ γ θ∆ = − −  (2-1) 
where γij denotes the surface (or interfacial) tension of the clean interface, θikj is the contact 
angle of a single particle at the interface (phase i  in contact with phase k , measured 
through phase j ), and R is the particle radius. The larger the free energy reduction upon 
                                                 
1 Part of this section has been published in Industrial Engineering & Chemistry Research (Zhang Y., Wang 
S., et.al., Capillary foams: Formation stages and effects of system parameters. Ind. Eng. Chem. Res. 2017,  
56, 9533-9540) and is reproduced with permission from American Chemical Society. 
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particle adsorption, the more strongly particles are held in the interface. For particles above 
a radius R of around 10 nm, this energy can easily exceed the thermal energy by orders of 
magnitude ( ,ad ij BG k T∆ >> ), making particle attachment to the interface practically 
irreversible; therefore neither thermal forces nor flow-induced forces during agitation are 
strong enough to remove adsorbed particles from the interface, which is desirable for 
particle separation by froth flotation. 
The particle three-phase contact angle, θ, can be a useful (yet not always precise) 
indicator of the particle attachment strength at the interface and the particle’s “affinity” for 
the bubble surface. Our previous studies[3] showed the difference in the adsorption of 
hydrophilic PVC (polyvinyl chloride) particles at an air-water interface (Figure 2-2 a) and 
an oil-water interface (Figure 2-2 b-d). The obviously low contact angle in Figure 2-2 a) 
suggests only a weak particle attachment to the air-water interface, whereas the contact 
angles near 90°in Figure 2-2 b-d) indicate stronger adsorption to the oil-water interfaces. 
These observations are consistent with the stability of aqueous foams stabilized by PVC 
particles: PVC particles cannot stabilize Pickering foams but can stabilize capillary foams. 
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Figure 2-2 SEM images of PVC particles trapped in the PDMS replica of a 
macroscopic air-water interface (a) and of several oil-water interfaces (b-d) using the 
gel trapping technique. The visible part of the particle originally resided in the water 
phase. Figure reproduced from Angewandte Chemie (Zhang et al. "Stabilization of 
liquid foams through the synergistic action of particles and an immiscible liquid." 
Angewandte Chemie 126.49 (2014): 13603-13607.) with permission from Wiley.[3] 
 
2.2.2 Experiments 
Our hypothesis is that the free energy change of particle adsorption at the oil-water 
interface is more significant than that at the air-water interface, leading to stronger particle 
adsorption. To make a quantitative comparison, we need to know both the surface tension 
and the three-phase contact angle. 
The air-water surface tension and oil-water interfacial tension were measured using 
a ramé-hart goniometer. Trimethylolpropane trimethacrylate (TMPTMA) purchased from 
Sigma-Aldrich was used as the oil phase, and was purified with a C-18 silica column before 
use. 
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The particle three-phase contact angle indicates the configuration of particles sitting 
at the interface.  Fumed silica is used as the model particle, mainly because it allows 
convenient modification of the surface hydrophobicity. Wacker-Chemie AG (Germany) 
provided amorphous fumed silica particles with various degrees of hydrophobicity 
(modified by dichlorodimethylsilane): 100% SiOH (unmodified), 70% SiOH (30% 
methylsilyl capped), 50% SiOH (50% methylsilyl capped), and 32% SiOH (68% 
methylsilyl capped). Direct measurement of the particle contact angle, for example by the 
gel trapping method,[4] freeze-fracture shadow-casting cryo-scanning electron microscopy 
(FreSCa cryo-SEM),[5] or digital holography,[6] is challenging for fumed silica particles 
with a few hundred nanometers and non-spherical shapes. The wettability of these silica 
particles was therefore assessed in an approximate fashion by measuring the contact angle 
of an air bubble or an oil droplet in water against a pressed tablet of silica particles. The 
pressed substrate was immersed into a quartz cell filled with deionized water, and an air 
bubble or an oil droplet was then deposited with a 22 gauge needle. Images were obtained 
using the DROPimage software. The reported values are the angles measured through 
water (supplementary to the angles measured through the oil phase). 
2.2.3 Results and Discussion 
The measured air-water surface tension and TMPTMA-water interfacial tension are 
72.0 mN/m and 19.0 mN/m, respectively. The particle three-phase contact angles at the air-
water interface and TMPTMA-water interface are shown in Figure 2-3, Table 2-1 and 
Table 2-2. The ratio of the magnitude of energy reduction upon particle adsorption at 
TMPTMA-water interface versus at air-water interface (based on Equation 2-1) is shown 
in Table 2-3. It is interesting that the free energy reduction at both interfaces are of the 
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same order of magnitude. However, for the most hydrophilic silica particle, the free energy 
change upon adsorption at the TMPTMA-water interface is almost three times that for 
adsorption at the air-water interface, implying stronger particle attachment. In other words, 
this comparison shows that the oil-coated bubble flotation can be more efficient to separate 
these type of hydrophilic particles compared with uncoated bubble flotation. At the same 
time, it should be noted that this ratio can be dependent on the type of oil and type of 
particle, and the oil corresponding to the highest ratio should ideally be chosen for flotation 
purpose. 
 
Figure 2-3 Contact angle measurement at air-water and oil-water interfaces by 
placing an air bubble or an oil droplet against silica particle pellet.[7] The uncertainty 
represents the standard deviation of at least three replicate measurements. 
Reproduced with permission from Industrial Engineering & Chemistry Research 
(Zhang Y., Wang S., et.al., Capillary foams: Formation stages and effects of system 
parameters. Ind. Eng. Chem. Res. 2017,  56, 9533-9540). Copyright (2017) American 
Chemical Society. 
 
Table 2-1 Contact angle measurement at the air-water interface by placing an air 
bubble against silica particle pellet.[7] The uncertainty represents the standard 
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deviation of at least three replicate measurements. Reproduced with permission from 
Industrial Engineering & Chemistry Research (Zhang Y., Wang S., et.al., Capillary 
foams: Formation stages and effects of system parameters. Ind. Eng. Chem. Res. 
2017,  56, 9533-9540). Copyright (2017) American Chemical Society. 
Particle Typical image Contact angle (˚) at air-water interface 
Silica (100% SiOH)  
 
  < 10* 
Silica (70% SiOH) 
 
 
  21 ± 8 
Silica (50% SiOH) 
 
 
  30 ± 10 
Silica (36% SiOH) 
 
46 ± 2 
 
* The contact angle of the most hydrophilic (100% SiOH) silica surface with the air-
water interface is difficult to measure because the air bubble rolls off the surface 
easily and the angle is too small for a precise determination. 
 
Table 2-2 Contact angle measurement at the TMPTMA-water interface by placing 
an oil droplet against silica particle pellet.[7] The uncertainty represents the standard 
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deviation of at least three replicate measurements. Reproduced with permission from 
Industrial Engineering & Chemistry Research (Zhang Y., Wang S., et.al., Capillary 
foams: Formation stages and effects of system parameters. Ind. Eng. Chem. Res. 
2017,  56, 9533-9540). Copyright (2017) American Chemical Society. 
Particle Typical image Contact angle (˚) at oil-water interface 
Silica (100% SiOH)  
 
 
18 ± 4 
Silica (70% SiOH) 
 
 
27 ± 0 
Silica (50% SiOH) 
 
 
42 ± 4 
Silica (36% SiOH) 
 
 
62 ± 8 
 
Table 2-3 Ratio of the magnitude of energy reduction upon particle adsorption at the 











Ratio 2.7 0.7 1.0 0.8 
 
2.3 Adsorption Kinetics 
2.3.1 Particle-Interface Interaction 
As discussed in Chapter One, the interaction between the silica particle and the oil-
water interface can be estimated based on the extended DLVO (Derjaguin, Landau, 
Vervey, and Overbeek) theory. The particle-interface interaction results from the joint 
contributions of van der Waals, electric double layer, and image force interactions. Next, 
let us compare each individual interaction at both the air-water interface and oil-water 
interface. 
The van der Waals interaction between a spherical particle and a flat interface is 





= −  (2-2) 
where TotalH is the non-retarded Hamaker constant, r  is the particle radius and h  is the 
separation distance. The approximate expression for the non-retarded Hamaker constant 
for two macroscopic phases 1 and 2 interacting across a medium 3 based on the Lifshiftz 
theory is given by:[9] 
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where 0Hν =  is the zero-frequency contribution, 0Hν >  is the higher-frequency dispersion 
energy contribution, ε  is the static dielectric constant of each phase (typically, 2 60pε< <
, 2oε ≈ , 1aε = , 80wε ≈ ), n  is the refractive index of each phase (typically, 1.4 1.6pn< <
, 1.35 1.43on< < , 1an ≈ , 1.33wn ≈ ), h  is Planck constant, and eν  is the main electronic 
absorption frequency in the UV range (typically around 15 13 10 s−× ). 
In the case of particle adsorption at an air-water interface, 1, 2 and 3 denote air, 
particle and water, respectively; while in the case of particle adsorption at an oil-water 
interface, 1, 2 and 3 denote oil, particle and water, respectively. In both scenarios, the zero-




k T< ), regardless of whether it is air-water interface or oil-water interface. 
However, for the dominating higher-frequency dispersion energy contribution 0Hν > , it is 
negative at the air-water interface, but positive at the oil-water interface. Therefore, the 
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overall van der Waals force can be repulsive at the air-water interface, but attractive at the 
oil-water interface. 
The electrostatic double layer (EDL) energy of interaction between the particle and 
the oil-water interface was calculated as [9] 
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zek T zeU r h
ze k T k T
ψ ψπε ε κ= − , (2-4) 
where 0ε  is the dielectric permittivity of the vacuum, rε  is the relative dielectric constant 
of water, Bk  is Boltzmann constant, T  is temperature, z  is the ion valence of the 
electrolyte solution, e  is the elementary charge, 1κ −  is the Debye length , pψ  is the 
surface potential of particle, and oψ  is the surface potential of oil-water interface. The 
calculation at the air-water interface shares the same formula, except that oψ  is replaced 
by the surface potential of air-water interface, aψ . Rough estimation ( oψ  is estimated 
based on the electrophoresis data of pristine oil droplets,[10] and aψ  is estimated based on 
the fits to experimental bubble-bubble forces measured by adapted atomic force 
microscopy[11-13]) reveals that the electrostatic double layer interaction is comparable for 
the air-water interface and oil-water interface. 
It is well-known that a charged particle near an interface with discontinuity of 
dielectric permittivity experiences a force pointing towards the more polarizable 











where 1ε  is the dielectric constant of the medium where the particle is located, and 2ε  is 
the dielectric constant of the particle-free medium. The interaction between two spherical 
particles is given by[9] 
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ψ ψπε ε κ= − , (2-6) 
where iψ  is the surface potential of the image charge, is given by Equation 2-7.[9] 
 












where wε  is the dielectric constant of water and oε  is the dielectric constant of oil. The 
calculation at the air-water interface shares the same formula, except that oε  is replaced 
by the dielectric constant of air, aε . Rough estimation also reveals that the image force 
interaction is comparable for the air-water interface and oil-water interface. 
 Based on the above discussion, the electric double layer and image force 
interactions at air-water interface and oil-water interface are comparable, while the van der 
Waals force interaction is repulsive at the air-water interface but attractive at the oil-water 
interface. It is then reasonably to argue that the particles should feel stronger repulsion 
from the air-water interface, and thus a higher particle adsorption energy barrier (as shown 
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in Figure 2-1). It is worth mentioning that the aforementioned equations are rather sensitive 
to the precision of each variable and parameter, and quantitative predictions of the resulting 
net interaction – typically the difference between two large terms for the attractive and 
repulsive contributions – are notoriously unreliable. Qualitative comparisons, however, can 
still provide valuable insights. 
 
2.3.2 Adsorption Energy Barrier 
As shown in Figure 2-1 and in the above discussion, there exists some energy 
barrier for the surfactants or particles to overcome and eventually adsorb onto the fluid-
fluid interface. It is therefore interesting to understand, determine and adjust the height of 
this energy barrier, in order to achieve better particle adsorption performance. 
Ward and Tordai[14] first established the solution to the surfactant adsorption 












where 𝑡𝑡 is time, 𝑐𝑐0 is surfactant concentration in the bulk, D  is diffusion coefficient, 𝛤𝛤 is 
the surface concentration. The first term represents the diffusion of surfactants from the 
bulk to the interface, and the second term represents the so called “back diffusion”. 
Derivation with more details will be discussed later. This equation is valid not only for 
surfactants, but for particles as well. 
 38 
The above equation only allows numerical solution for the general case, which is 
not very convenient. Fainerman et al[15] proposed an asymptotic analytical solution at 𝑡𝑡 →
0  (early stage) and 𝑡𝑡 → ∞  (late stage). The surface concentration can further be 
transformed to the surface tension through the Gibbs adsorption isotherm equation. The 
common formula of the surface tension at early stage and late stage as shown as follows, 
respectively: [15-16] 
 
0 :t →  0 02
DtRTcγ γ
π
= −  (2-9) 
 







= +  (2-10) 
where R  is the gas constant, 0c  is bulk concentration, ∞Γ  is the steady-state surface 
concentration, D  is diffusion coefficient, γ  is surface tension, 0γ  is the initial surface 
tension of the clean interface, and γ∞  is the steady-state surface tension. 
In the presence of particle adsorption energy barrier, the particle diffusion 
coefficient becomes significantly smaller compared with the Stokes-Einstein diffusion 
coefficient, and they are correlated as follows:[17-18] 





= −  (2-11) 
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where effD  is the effective or apparent diffusion coefficient, S ED − is the intrinsic diffusion 
coefficient calculated using Stokes-Einstein equation, and bE∆ is the particle adsorption 
energy barrier. 
Bizmark et al.[16] adopted this method (Equation 2-9 and 2-10) when investigating 
the adsorption energy barrier of ethyl cellulose particles at the air-water interface. 
However, it was found that the calculated S ED − based on the fitting of experimental results 
is larger than it should be from the value calculated from Stokes-Einstein equation. It was 
explained that for particle adsorption at the interface (especially large particles), the 
adsorption energy benefit is much larger compared to the adsorption energy benefit of 
surfactants, therefore Equation 2-9 needs to be adjusted otherwise it will lead to the 
overestimation of the diffusion coefficient. Bizmark et al.[16] presented a revised model 
for particle adsorption at the early age and determined the adsorption energy barrier of 
ethyl cellulose particles at the air-water interface. 
 
0 :t →  0 02 A
DtN E cγ γ
π
= − ∆  (2-12) 
where AN  is Avogadro's number and E∆ is the energy benefit for a single particle to 
adsorb at the interface. All the other symbols share the same meaning as above. 
It is important to note that the aforementioned method to determine the adsorption 
energy barrier relies on the dynamic surface tension measurement using the pendant droplet 
(or bubble) method, which is based on the assumption that the particle mass transfer from 
the bulk phase to the fluid-fluid interface falls into the kinetic-limited region. 
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Unfortunately, this assumption is not valid in most cases, as shown by Alvarez et al.[19-
20] The pendant droplet (or bubble) is so large that the overall mass transport process is 
actually limited by the diffusion process, not by the adsorption kinetics, which will be 
discussed in following sections in this chapter. 
2.3.3 Adsorption Isotherms and Equation of State 
For surfactants and small-size particles, both adsorption and desorption occur 
simultaneously at the fluid-fluid interface; for sub-micron and larger particles, however, 
since the adsorption energy benefit greatly exceeds the regular thermal fluctuation, the 
adsorption can be considered as irreversible, therefore desorption is negligible. Next, we 
will introduce two kinetics models and the corresponding adsorption isotherms and 
equation of state, which are useful when estimating the characteristic time scale of 
adsorption/desorption kinetics and solving the couples adsorption/desorption and diffusion 
system. 
The simplest model to describe particle adsorption/desorption kinetics at the 
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 (2-13) 
where Γ  is surface concentration, ∞Γ  is the equilibrium surface concentration, sc  is the 
concentration of surfactant or particle at the subsurface close to the interface, α  is 
desorption constant (zero for irreversible adsorption) and β  is the adsorption constant. By 












where /a α β= . 
However, the Langmuir model fails to take into account the particle-particle 
interaction at the interface, which happens simultaneously with the adsorption process. 
Frumkin model has been proposed to account for this interaction:[23-25] 
 /(1 ) Ks
d c e
dt
β α ∞− Γ Γ∞
∞
Γ Γ
= Γ − − Γ
Γ
 (2-15) 
where the parameter K  is a measure of (net) attractive or repulsive interactions between 
the adsorbed particles ( 0K =  leads to the same format as Langmuir model). By setting 
Equation 2-15 to be zero, we can get the Frumkin adsorption isotherm: 
 /
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where /a α β= . Subsequently, the surface equation of state relating the surface tension γ  
to the surface concentration Γ is given by: 
 2
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. (2-17) 
where 0γ  is the initial surface tension of the clean interface. 
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2.4 Mass Transfer 
The transport of particles or surfactants to an initially clean fluid-fluid interface is 
believed to follow three simultaneous transport properties:[19, 21-24, 26] (1) Particles or 
surfactants adsorb onto the interface from the subsurface region or desorb from the 
interface into the subsurface region. For large enough particles, desorption can be 
considered negligible; (2) In the absence of convective transport, particles or surfactants 
populate the subsurface region near the interface from the bulk by diffusion; (3) Particles 
or surfactants adsorbed at the interface may continue to re-orientate.  
2.4.1 Governing Diffusion Equations 
The adsorption of surfactants or particles onto a fresh fluid-fluid interface is 
modeled. For simplicity, let us start with one-dimensional diffusion and adsorption onto a 
flat interface from a bulk phase containing surfactants or particles of an initially uniform 








 (𝑥𝑥 > 0, 𝑡𝑡 > 0) (2-18) 
with the following initial condition and boundary conditions: 
 𝑐𝑐(𝑥𝑥, 𝑡𝑡) = 𝑐𝑐0         (𝑥𝑥 > 0, 𝑡𝑡 = 0) (2-19) 
 𝑐𝑐(𝑥𝑥, 𝑡𝑡) = 𝑐𝑐0         (𝑥𝑥 → ∞, 𝑡𝑡 > 0) (2-20) 









 (𝑥𝑥 = 0, 𝑡𝑡 > 0) (2-22) 
where 𝑥𝑥 and 𝑡𝑡 are spatial and temporal coordinates, 𝑐𝑐(𝑥𝑥, 𝑡𝑡) is the particle concentration, 𝑐𝑐0 
is bulk particle concentration, D is diffusion coefficient, 𝛤𝛤 is the surface concentration. 
Ward and Tordai[14] first established the solution to the above system in terms of an 
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0 . (2-23) 
It is worth noting that the previous assumption of one-dimensional diffusion toward 
a flat interface is not valid in the context of pendant droplet tensionometry, where the 
interface can be highly curved depending on the size of the droplet. Lin et al[22] showed 





















(𝑟𝑟 = 𝑏𝑏, 𝑡𝑡 > 0) (2-25) 
 𝑐𝑐(𝑟𝑟, 𝑡𝑡) = 𝑐𝑐0         (𝑟𝑟 > 𝑏𝑏, 𝑡𝑡 = 0) (2-26) 
 𝑐𝑐(𝑟𝑟, 𝑡𝑡) = 𝑐𝑐0         (𝑟𝑟 → ∞, 𝑡𝑡 > 0) (2-27) 
 𝛤𝛤(𝑡𝑡) = 0               (𝑡𝑡 = 0) (2-28) 
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where  𝑟𝑟 is the spatial coordinate, 𝑏𝑏 is droplet (or bubble) radius, and all the other symbols 
share the same meaning as above. It is shown by Lin et al[22] using Laplace transform that 
the above set of equations has the following solution in terms of unknown subsurface 
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0 ]. (2-29) 
2.4.2 Scaling Argument for Coupled Adsorption/Desorption and Diffusion Processes 
In the absence of convective mass transfer, the rate of exchange of particles 
between a fluid-fluid interface and the surrounding bulk phase is controlled by the kinetic 
flux between the interface and the bulk sublayer next to the interface, and the diffusive flux 
between the sublayer and the regions of the bulk phases far away from the interface.[23] 
The particle adsorption/desorption process and bulk diffusion process occur 
simultaneously, and their relative importance depends on the characteristic time scale for 
each one of them. 
In 1998, Pan et al.[23] first compared the characteristic time scale of bulk diffusion 
and kinetic adsorption:  
 2 2
0/ 4d c Dcτ π= Γ  (2-30) 
 1
0( )kinetic cτ α β
−= + (based on Langmuir model), (2-31) 
 45 
where dτ  and kineticτ are the characteristic time scale for the diffusion process and kinetic 
adsorption process, respectively, cΓ is the surface concentration at equilibrium, D  is the 
diffusion coefficient, 0c  is the bulk concentration, α and β are the desorption and 
adsorption rate constant in the Langmuir equation, respectively. The ratio of the diffusive 





kinetic D c a
τ β
τ α
∞ΓΦ = = , (2-32) 
assuming 0 / 1c a and cΓ approaching ∞Γ , and ignoring / 4π , where /a α β= . The 
above scaling argument indicates that as the bulk concentration increases, the kinetic time 
scale becomes longer relative to the diffusion time scale. Pan et al.[23] used the pendant 
bubble method to measure the dynamic surface tension in the presence of hexaethylene 
glycol monododecyl ether (C12E6), and showed the shifting to more kinetic influence for 
higher surfactant concentrations. 
In 2004, Jin et al.[24] developed a new length scale, D KR − , to determined whether 
the process is kinetically controlled or diffusion controlled. For a spherical bubble of radius 
b , the time scale for diffusion is 
 /Dsphere hb Dτ = , (2-33) 
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where h  is the so called adsorption depth or depletion depth ( /eqh c∞= Γ ), and D  is the 
diffusion coefficient. The characteristic timescale for a purely adsorption/desorption-








where α and β are the desorption and adsorption rate constant in the Langmuir equation, 
respectively, and c∞  is the bulk concentration. Then the ratio of these two timescales 
becomes: 
 /
1/ ( )sphere D K
hb D b










defined. For droplets or bubbles with D Kb R − , the overall mass transfer is kinetically 
controlled; for droplets or bubbles with D Kb R − , the overall mass transfer is diffusion 
controlled. Jin et al.[24] used some previous literature results and estimated that D KR −  
ranges roughly from 15 to 65 microns. 
In 2010, Alvarez et al.[20] further developed the scaling analysis presented by Jin 
et al.[24]. They pointed out two flaws in Jin et al.’s argument: 1) although the diffusion-
limited timescale Dsphereτ  suggests the radial dependence to account for the increase in the 
ratio of solution volume to surface area with decreasing radius, the time scale does not 
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approach that of the planar interface as the radius grows large and the curvature approaches 
zero, as people would expect; 2) the dimensionless time scale ratio does not contain bulk 
concentration dependence, which has been shown to shift the transition from diffusion-
controlled region to kinetics-controlled region by Pan et al.[23] Instead, Alvarez et al.[20] 
proposed a new time scale to describe the transition of the dynamics, which accounts for 












where critR  is the critical radius at which the kinetic and diffusion time scales are equal, 
D KR − shares the same meaning as in Jin et al.’s[24] argument, and 
1/3( / )D K pq R h−= , where 
ph is the depletion depth. This new time scale is validated by both numerical simulations 
and experimental data in Alvarez et al.’s paper[20]. 
It is interesting to note that according to the above time scale, any pendant droplet 
(or bubble) method for interfacial tension measurement falls into the region of diffusion-
limited mass transport, because the size of the droplet (or bubble) greatly exceeds the 
critical radius. Therefore, we need an alternative method to measure interfacial tension to 
reveal the kinetic limitation. In the same year (2010), Alvarez et al.[19] developed a new 
experimental apparatus, a microtensiometer, which is capable to measure the dynamic 
surface tension for bubble radii ranging from 15 to 150 μm. This new technique reduces 
the time required to reach equilibrium using small bubbles, therefore is better to probe the 
kinetic-limited region than any other surface tension measurement method. 
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2.5 Summary 
Both the particle adsorption tendency (thermodynamics) and adsorption rate 
(kinetics and mass transfer) determine the particle attachment efficiency in the flotation 
process. In this chapter, we first showed that for some hydrophilic particles, there is more 
energy benefit upon particles adsorption at the oil-water interface compared with the air-
water interface. Then, we presented that the particle adsorption energy barrier is lower at 
the oil-water interface (oil-coated bubble surface) than at the air-water interface (uncoated 
bubble surface), indicating easier particle adsorption and potential benefit for the oil-coated 
bubble flotation. These findings add to our understanding of this novel oil-coated bubble 
system. 
It is also worth mentioning that in the real flotation process, the bubble size is 
typically on the order of hundreds or even thousands of micrometers,[27] therefore the 
particle mass transport from the bulk phase to the bubble surface actually falls into the 
diffusion-limited region, and the benefit of lower particle adsorption energy barrier 
becomes less remarkable. Furthermore, in the presence of additional convection and 
turbulence, the diffusion limitation is also mitigated. 
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CHAPTER 3. THE DYNAMICS OF RISING OIL-COATED 
BUBBLES: EXPERIMENTS AND SIMULATIONS2 
3.1 Introduction 
Bubble motion is very important in the froth flotation system, because it is related 
to the collision efficiency between the particles and bubbles, and it influences whether the 
particles adsorbed on the bubble surface can be retained until the bubble rises to the top 
surface. Air bubbles rising through an aqueous medium have been studied extensively. Oil-
coated bubbles can be more effective for separating hydrophilic particles with low affinity 
for the air-water interface, but the rise dynamics of oil-coated bubbles has not yet been 
explored. 
In the present work,[1] we report the first systematic study of the shape and rise 
trajectory of bubbles engulfed in a layer of oil. Results from direct observation of the coated 
bubbles with a high-speed camera are compared to computer simulations and confirm a 
pronounced effect of the oil coat on the bubble dynamics. We consistently find that the oil-
coated bubbles display a more spherical shape and straighter trajectory, yet slower rise than 
uncoated bubbles of comparable size. These characteristics may provide practical benefits 
for flotation separations with oil-coated bubbles. 
 
                                                 
2 This chapter has been published in Soft Matter (Wang S. et al, The dynamics of rising oil-coated bubbles: 
experiments and simulations, 2018, Soft Matter, 14, 2724-2734) and is reproduced by permission of the Roy 
al Society of Chemistry. 
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3.2 Methods 
The dynamics of an oil coated bubble rising in a liquid is investigated by conducting 
experiments and direct numerical simulations. The experimental set-up, the method used 
to post-process the data obtained using the high-speed imagining and numerical method 
used in order to simulate the rise dynamics of an oil-coated bubble are discussed below. 
3.2.1 Experimental Procedure 
3.2.1.1 Apparatus 
The bubble rise experiments were carried out in a square Plexiglas column with 
dimensions of 15 cm × 15 cm × 100 cm. The schematic diagram of the set-up is shown in 
Figure 3-1. The column was filled with deionized water or other testing liquids to a depth 
of 80 cm. Bubbles were generated at the bottom of the column by using an apparatus 
described below. The bubble motion was recorded by a high-speed camera (Phantom v7.0, 
Vision Research, Inc.) and image acquisition software (PCC v2.8, Vision Research, Inc.). 
The illumination of the test region was provided by a lamp with a diffuser behind the 
rectangular column. A scale bar was immersed into the column to determine the size and 




Figure 3-1 Schematic diagram of the experiment apparatus.  
 
3.2.1.2 Materials 
Silicone oil (10 cSt), and octane were purchased from Sigma-Aldrich and 1,6-
Hexanediol diacrylate (HDDA) was obtained from Allnex Resins Co, Ltd. Octane and 
HDDA were purified with silica gel to remove any possible impurities. They were used to 
form oil-coated air bubbles. 2-hydroxy-2-methylopropiophenone was purchased from 
Sigma-Aldrich as the photo-initiator for the polymerization of HDDA. Ultra-pure water 
(18.2 MΩ•cm) was used as the medium fluid for observing bubble rise. Food grade cane 
sugar (“Great Value'', Walmart) was used to adjust the medium fluid viscosity. The sugar 
solutions behave as Newtonian fluids for all the concentrations used in the present study. 
The purity of the sugar solutions was confirmed by measuring its surface tension and 
comparing it with literature values.[2-3] 
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3.2.1.3 Generating Oil-Coated Bubbles 
Oils with positive spreading coefficient can completely engulf air bubbles.[4] 
Based on the material properties displayed in Table 3-1, we chose the fully engulfing 
silicone oil, octane, and HDDA to form a stable film around the air bubbles. Coated bubbles 
can be generated in many ways. In our work, we designed a small polystyrene chamber 
with an orifice at the top as shown in Figure 3-2. The chamber was first filled with oil, then 
air was introduced slowly. Once a small air bubble penetrates the orifice, it exits into the 
water with an oil coating. Air and oil were dispensed using two syringe pumps (NE-300, 
New Era Pump Systems, Inc.). 
 
Table 3-1 Properties of the fluids used. Here, all the interfacial tensions are 
equilibrium tension (i.e. both phases are mutually saturated before measurement). 
The interfacial tensions for silicone oil-40 % (w.t.) sugar solution and octane-40 % 
(w.t.) sugar solution cannot be measured with pendant drop method because the 
refractive index of both phases are too close to be distinguished. 
Fluids 
Density
3( )g cm−⋅  
Viscosit












1( )mN m−⋅  
Spreading 
coefficient 
1( )oS mN m
−⋅  
Saturated with DI water 
Silicone 
oil 0.93 9.3 18.8 69.3 41.3 9.2 
Octane 0.7 0.5 21.2 72.8 43.9 7.7 
HDDA 1.01 9.0 25.8 46.8 17.0 4.0 
       
Saturated with 40 % (wt) sugar solution (5.8 cP ) 
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Silicone 
oil 0.93 9.3 19.4 75.0 - - 
Octane 0.7 0.5 21.4 72.4 - - 
HDDA 1.01 9.0 32.0 49.7 16.4 1.3 
       
Saturated with 50 % (wt) sugar solution (13.0 cP ) 
Silicone 
oil 0.93 9.3 21.5 75.3 39.9 13.9 
Octane 0.7 0.5 20.7 74.2 35.4 18.1 
HDDA 1.01 9.0 34.4 50.3 16.3 -0.4 
 
 
Figure 3-2 Mechanism to generate oil-coated bubbles. 
 
3.2.1.4 Bubbles with Solidified Oil Coatings 
In order to observe the coated-bubble morphology directly, we solidified bubble 
coatings of the photopolymerizable oil HDDA with 1.0 % (w.t.) photo-initiator. The 
polymerization proceeded fast enough (~ 10 s) under UV irradiation to convert the rising 
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oil-coated bubbles into hollow solid capsules by the time they reached the top of the column 
filled with a slightly viscous aqueous solution of the thickener xanthan gum. These hollow 
solid capsules were then collected and inspected optically. 
 
3.2.1.5 Analytical Method 
Bubble images (800 × 600 pixels) were taken at a speed of 500 frames per second. 
The terminal rising velocity was determined when velocity reached a plateau value. This 
was usually achieved within 0.5 s and within the first 15 cm above the bottom of the 
column. 
As shown in Figure 3-3, we used Image J software to analyze the shape of the 
bubbles. The aspect ratio is defined as the minor axis, b , over major axis, a , which is in 
the range of 0 to 1. A higher aspect ratio indicates a more spherical bubble. We set 0.9 as 
an operational threshold for delineating a spherical shape. 
 
Figure 3-3 Steps followed in the image processing: (a) subtract the background, (b) 
convert into a binary image, (c) capture the boundary of the bubbles and (d) calculate 
the aspect ratio.   
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3.2.2 Numerical Method 
The incompressible continuity and Navier-Stokes equations have been solved in 
the volume-of-fluid framework for numerically simulating a rising bubble in a quiescent 
liquid. The governing equations are as follows: 




δρ µ δγκ ρ
δ
   + ⋅∇ = −∇ +∇⋅ ∇ +∇ + −   






+ ⋅∇ =u  (3-3) 
where ( , , )u v w=u  denotes the velocity field, with the components u , v  and w in the x , y
and z directions, respectively, p  denotes the pressure filed, ρ  denotes density, µ  
denotes viscosity, t  denotes time, g  denotes the acceleration due to gravity, j  denotes the 
unit vector along the vertical direction, γ  denotes the interfacial tension, δ  denotes the 
Dirac delta function (given by c∇ ) , κ = ∇⋅n  denotes the interfacial curvature and n  
denotes outward-pointing unit normal to the interface. The volume fraction variable c  (=1 
and 0 in the inner and outer phases, respectively) is maintained sharp by reconstructing the 
interface at every time step and by following a geometrical advection method[5] instead of 
a simple finite difference solution of the advection equation. The composite bubbles with 
an oil coat have been simulated in a simplified model as homogeneous effective bubbles 
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with only one interface, assigned an interfacial tension corresponding to the sum of the 
actual oil-air and oil-water interfacial tensions, with a density given by the volume average 
of the air and oil density, and the viscosity of oil. 
A finite volume code, Gerris,[6] has been employed to solve the aforementioned 
equations in a Cartesian coordinate system. The domain geometry corresponds to the actual 
experimental setup, while the initial bubble shape has been assumed to be spherical in this 
numerical investigation. The present numerical code employs a balanced-force surface 
tension force calculation using height function based interface curvature estimation, which 
reduces the magnitude of spurious currents and makes the curvature estimation second 
order accurate. The numerical method has been tested and validated extensively in earlier 
works of the present authors.[7] All data, documentation and code used in this study will 
be made available upon request. 
 
3.3 Results and Discussion 
3.3.1 Bubble Morphology 
The wetting behavior of the oil, air and water three-phase system can be predicted 
based on the spreading coefficient, oS ,[8-10] which is given by 
 ( )o aw oa owS γ γ γ= − + , (3-4) 
where subscripts aw, oa and ow denote air-water, oil-air and oil-water interfaces, 
respectively. The spreading coefficient can be considered as the interfacial energy benefit 
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of replacing the air-water interface with an air-oil interface and an oil-water interface. Oils 
with positive spreading coefficient can spread spontaneously and form a film at the air-
water interface, and thus completely engulf an air bubble in water. Oils with negative 
spreading coefficient, by contrast, form an oil lens at a flat air-water interface, and only 
partially engulf an air bubble. 
Oil-air surface tension and oil-water interfacial tension were measured using the 
pendant drop method (ramé-hart Instrument Co.). Table 3-1 shows the measured tensions 
and the corresponding spreading coefficients for oils used in this work. Figure 3-4 shows 
a typical image of an air bubble and of a silicone oil coated air bubble dispensed from the 
orifice of the bubble generator. 
 
Figure 3-4 Typical images of (a) uncoated air bubbles, and (b) silicone oil coated air 
bubble.  
 
While it is easy to observe the static bubble morphology, it is more challenging to 
image a rising bubble. The oil layer is not uniform around the whole bubble because of 
hydrodynamic effects, with a thinner ``front end'' and a thicker ``rear end''. The varying 
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thickness of the oil layer can be difficult to estimate based on in situ photography alone 
(see Figure 3-5, a typical image of a silicone oil coated bubble rising in deionized water). 
To further characterize the morphology of a rising coated bubble (especially the 
morphology at the “front end''), we used HDDA with 1.0 % (w.t.) photo-initiator as the 
bubble coating. It also has positive spreading coefficient and can completely engulf the air 
bubble. It took less than 2 s for the polymerization to initiate under UV irradiation. We 
added xanthan gum into deionised water to increase the viscosity such that the coated-
bubble can stay in the column for at least 10 s, which is enough for the polymerization to 
complete. Solid hollow spheres were formed before the bubbles reached to the top of the 
column (Figure 3-6). It is obvious that the oil layer is uneven around the whole bubble 
when it is rising. It is thinner at the ``front end'' than the ``rear end'', but the oil layer is 
indeed complete and continuous even at the front. It should be mentioned that the amount 
of HDDA used to produce the solid bubble coat shown in Figure 3-6 is exaggerated for 
experimental convenience, while all the following observations of bubble size, trajectory, 
velocity and shape are based on coated bubbles with a much smaller amount of oil (as 
shown in Figure 3-5). The added weight of oil was taken into account by using a volume 
averaged bubble density (200 kg•m-3), which was estimated based on the experimental air 




Figure 3-5 Image of a silicone oil coated bubble rising in deionized water.  
 
Figure 3-6 Image of a HDDA-coated bubble after polymerization.   
 
3.3.2 Bubble Size 
The detachment of an air bubble at the orifice inside the water medium can be 
obtained by balancing the buoyancy and surface tension forces. The size of a standard 
bubble just prior to pinch off can be estimated as follows (Tate's law)[11] 
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 ( )w a awgV dρ ρ π γ− = , (3-5) 
where d  is the orifice diameter, V  is bubble volume, and wρ  and aρ  are the densities of 
water and air, respectively. We define D  as the equivalent volume spherical bubble 
diameter and express the bubble volume in terms of D  as 3 / 6V Dπ= . Neglecting air 
density from Equation 3-5 by assuming a wρ ρ , we obtain 
 1/31.82D Bo
d







=  (3-7) 
is the so-called Bond number or Eötvös number. Equation 3-6 expresses the non-
dimensional bubble diameter with respect to a non-dimensional group. It is worth noting 
that Tate's law is based on the assumption that the bubble neck is vertical at the orifice and 
the surface tension force is completely downwards. However, this is typically invalid, and 
the exponent and coefficient need to be corrected accordingly.[12] Here we obtained an 




−= . (3-8) 
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The discrepancy of the exponent and coefficient relative to Equation 3-6 may 
account for the specific experiment conditions, such as the gas flow rate and the volume of 
the chamber below the orifice, which have been shown by Davidson et al.[11] to have some 
influence on the bubble size. 
We can also extend this correlation to oil-coated bubbles, but the a/w interfacial 
tension needs to be replaced with an effective bubble/fluid interfacial tension to account 
for the joint contributions of two interfaces. This effective tension can be approximated as 
the sum of the air-oil and oil-water interfacial tensions (62.2 mN/m and 55.4 mN/m for 
silicon oil coated bubbles and octane coated bubbles, respectively), which is consistent 
with the simulation results in the following section. 
As Figure 3-7 shows, Equation 3-8 is in excellent agreement with experimental data 
for uncoated bubbles and oil-coated bubbles alike. We see that a model description for the 
bubble size dependence of uncoated bubbles on surface tension can also be applied to the 
oil-coated bubbles, provided that the surface tension is replaced by an appropriately chosen 
effective tension. Given how much more is known about uncoated bubbles than about 
coated bubbles, one might hope that equivalent behavior can be established more generally 
between coated bubbles and uncoated bubbles with appropriately chosen effective values 
for their governing properties. 
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Figure 3-7 Equation 3-8 (line), and experimental results (symbols) for uncoated and 
oil-coated bubbles. 
 
3.3.3 Bubble Rising Trajectory 
Typical trajectories of uncoated and silicone oil coated bubbles of comparable size 
are shown in Figure 3-8. Both bubbles exhibit zigzagging trajectories when rising in water, 
but oil-coated bubbles display lateral excursions of lower amplitude. 
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Figure 3-8 Typical trajectories of uncoated and oil-coated bubbles in deionized water. 
Bubble diameter D  = 4 mm. 
 
3.3.4 Bubble Rise Velocity 
We measured the terminal rise velocity versus overall bubble diameter for both 
uncoated and oil-coated bubbles in three different fluids, namely, pure water (Figure 3-9a), 
40 % (w.t.) sugar solution (Figure 3-9b) and 50 % (w.t.) sugar solution (Figure 3-9c). In 
all cases, oil-coated bubbles display lower rise velocity than uncoated bubbles. Lower 
velocity implies increased residence time for bubbles in a slurry during froth flotation and 
a consequently longer particle-bubble interaction time, likely to benefit flotation 
performance. Beyond this, Figure 3-9 is consistent with a well-known trend[13-14] that the 
bubble rise velocity increases with bubble size up to some threshold size, but decreases for 
larger bubbles when shape oscillations become more pronounced. The lower rise velocity 
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of oil-coated bubbles can be attributed to the reduced buoyant force caused by smaller 
density mismatch between the bubble and the aqueous phase, as shown in the following 
simulation results. 
 
3.3.5 Bubble Shape 
We plot the aspect ratio versus bubble diameter rising in deionized water, 40 % 
(w.t.) sugar solution and 50 % (w.t.) sugar solution for both uncoated and oil-coated 
bubbles in Figure 3-10(a), (b) and (c), respectively. An aspect ratio of 0.9 is often set as 
the threshold for a spherical shape. As we can see, oil-coated bubbles always display a 
more spherical shape than the uncoated bubbles. The suppression of shape oscillations by 
the oil coat also allows for a more precise measurement of the bubble size (smaller error 
bars). As simulation results shown below suggest, both the added weight of the oil and the 
effective increase in bubble viscosity contribute to keeping the oily bubbles more spherical. 
It is interesting to note that oil-coated bubbles rising in pure fluids show similarities 
with uncoated bubbles rising in surfactant-contaminated fluids. Both of them display a 
lower rising velocity, a more spherical shape and a more stable trajectory than uncoated 
bubbles rising in clean fluids. The latter case has been explained by the fact that when 
surfactant adsorbs onto the bubble surface, it will be swept to and accumulate at the back 
of the bubble, which decreases the local surface tension and leads to a fore-to-aft surface 
tension gradient.[15-18] Due to the Marangoni effect, a tangential stress appears on the 
bubble surface and results the reduction of bubble rise velocity. The accumulated surfactant 
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Figure 3-9 Terminal rising velocity of uncoated and oil-coated bubbles in (a) 
deionized water, (b) 40 % (wt) sugar solution and (c) 50 % (wt) sugar solution.   
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Figure 3-10 Experimental aspect ratio of uncoated and oil-coated bubbles in (a) 
deionized water, (b) 40 % (wt) sugar solution and (c) 50 % (wt) sugar solution.   
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at the “rear end” of the bubble forms the so-called rear stagnant cap that resists shape 
deformation, which is similar to the oil-mediated rigidification of the rising bubbles by an 
oil layer observed here. 
 
3.3.6 Simulation Results 
As mentioned above, oil-coated bubbles in water have been treated in the 
simulations as a single fluid phase with a bubble of density equal to the volume average of 
the air and oil density, a viscosity equal to that of the oil, and an interfacial tension equal 
to the sum of the oil-water and air-oil interfacial tensions. Using the sum of both interfacial 
tensions as the effective interfacial tension is a reasonable choice to account for the joint 
contributions of both interfaces. The overall bubble density is estimated based on the flow 
rate ratio between air and oil, and its effect on the bubble behavior is shown in Figure 3-11, 
Figure 3-12 and Table 3-2. It is clear that with increased bubble density, the oil-coated 
bubble displays slower rise velocity and a more spherical and more stable shape. For the 
effective bubble viscosity, a similar sensitivity analysis is conducted: the bubble viscosity 
is varied from air viscosity to oil viscosity (with all other parameters fixed), and it is 
observed that the case with oil viscosity gives the best agreement with experimental results 
(as shown in Figure 3-13, Figure 3-14 and Table 3-3. The increase of bubble viscosity 




Figure 3-11 Effect of the density of the inner fluid on the bubble shapes: (a) 100 kg•m-
3, (b) 200 kg•m-3, (c) 300 kg•m-3, (d) 400 kg•m-3 and (e) 500 kg•m-3. The values of 
viscosity of the inner and outer fluids are kept equal and constant (μi = μo = 1 cP). 
The initial diameter of the bubble in all these cases is 4 mm. 
 
Figure 3-12 Temporal variations of aspect ratios of the bubble for different values of 




Figure 3-13 Effect of the viscosity of the inner fluid on the bubble shapes: (a) 0.015 
cP, (b) 0.15 cP, (c) 1 cP, (d) 5 cP and (e) 9.3 cP. The density of the inner and outer 
fluids are 200 kg•m-3 and 998 kg•m-3. The initial diameter of the bubble in all these 
cases is 4 mm. 
 
Figure 3-14 Temporal variations of aspect ratios of the bubble for different values of 
inner fluid viscosity. The rest of the parameters are the same as those used to generate 
Figure 3-13. 
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Table 3-2 Average terminal velocities for bubbles with different values of inner fluid 
density. The rest of the parameters are the same as those of Figure 3-11. 
3( )i kg mρ







Table 3-3 Average terminal velocities for bubbles with different values of inner fluid 
viscosity. The rest of the parameters are the same as those of Figure 3-13. 









Figure 3-15 Numerical simulation results for trajectories of a “silicone oil coated 
bubble'' rising in water: (a) D  = 2.5 mm, (b) D  = 4 mm and (c) D  = 5 mm. 
Numerical simulation results for trajectories of an uncoated bubble rising in water: 
(d) D  = 2.5 mm, (e) D  = 4 mm and (f) D  = 5 mm. The quotes in the header serve as 
a reminder that the simulation models the coated bubbles in water as an effective two-
phase system, see section 3.2.2: Numerical Method. 
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Figure 3-16 Numerical simulation results for shape evolutions of a “silicone oil coated 
bubble'' rising in water: (a) D  = 2.5 mm, (b) D  = 4 mm and (c) D  = 5 mm. 
Numerical simulation results for trajectories of an uncoated bubble rising in water: 
(d) D  = 2.5 mm, (e) D  = 4 mm and (f) D  = 5 mm. The quotes in the header serve as 
a reminder that the simulation models the coated bubbles in water as an effective two-




Figure 3-17 Evolution of center of gravity elevation for the bubbles shown in Figure 
3-15 and Figure 3-16. 
 
Based on the notion that the bubble buoyancy should be determined by the volume 
average density of their air and oil portion, considering further that the interfacial tensions 
of the air-oil and oil-water interface should be added to estimate their combined effect, and 
accounting for the observed viscosity effect on bubble shape and velocity, appropriate 
simulation parameters are assigned to enable direct comparison between the coated and 
uncoated bubbles of comparable size. For silicone oil-coated bubbles, effective bubble 
density, viscosity and interfacial tension are set to 200 kg•m-3, 9.3 cP and 63 mN/m, 
respectively. Figure 3-15 and Figure 3-16 show the path (Figure 3-15) and the shape 
(Figure 3-16) of rising bubbles of D  = 2.5 mm, 4 mm and 5 mm respectively, as obtained 
from the numerical simulations. The bubble shape is observed to oscillate more with 
increasing bubble size, but in all cases the shape of the “coated bubbles'' is more spherical 
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and fluctuates less than the shape of the corresponding uncoated bubble. A quantitative 
comparison of the aspect ratio was not possible here, because the bubble undergoes 
continuous shape oscillations and does not reach a “steady state'', even when it has reached 
the terminal rise velocity. The number of shape fluctuations observed within the limited 
time window accessible to our simulation was insufficient to compute a meaningful aspect 
ratio average. 
The bubble rise velocity, however, attains a steady state in a very short time period 
(less than 0.1 s), and the terminal velocity is determined from the final slope in Figure 3-17. 
It is instructive to compare this simulated rise velocity to the one observed experimentally. 
For the uncoated bubbles rising in pure water (Figure 3-18 and Figure 3-19), the simulation 
results agree with the corresponding experimental results both qualitatively and 
quantitatively within the experimental uncertainty (Table 3-4 and Figure 3-9a), except for 
a small difference at lowest bubble size. The result is consistent with the well-known 
trend[13-14] that the rise velocity increases with bubble size up to some threshold size, but 
decreases for larger bubbles when shape deformation and oscillation become more 
pronounced. For the simulated “silicone oil coated bubbles'', Figure 3-9a shows qualitative 
agreement with experimental results that the velocity increases monotonically with bubble 
size, and even the slope of this increase is captured well by the simulation. However, the 
simulation is seen to systematically overestimate the rise velocity of “coated bubbles''. This 
quantitative disagreement cannot be explained by an uncertainty in the bubble density, as 
can be seen from Table 3-2: even simulated bubbles with much higher density than we can 
reasonably assume for the oil-coated bubbles in our experiments, still have higher 
velocities than were observed experimentally. Similarly, the discrepancy does not come 
 77 
from misjudging the effective viscosity: as Table 3-3 clearly shows, the simulated velocity 
is extremely insensitive to bubble viscosity. We attribute the quantitative difference 
between the measured and simulated rise velocities of the oily bubbles (Figure 3-9a) to the 
crude single-phase representation of these bubbles in our simulation, which neglects the 
bubbles’ actual composite structure and does not consider the flow recirculation within the 
thin film. Despite this oversimplification, the simulation is seen to capture the qualitative 
differences between oil-coated and uncoated bubbles very well. 
 
Table 3-4 Comparison of experiment (Figure 3-9) and simulation (Figure 3-15 and 
Figure 3-16) with regard to the average terminal bubble velocities. 
Diameter 
( )D mm  
“Coated” 
(simulation) 




1( )TV cm s
−⋅   
Uncoated 
(simulation) 




1( )TV cm s
−⋅  
2.5 22.1 18.5 ±  1.2 33.2 30.0 ±  2.0 
4 25.2 19.2 ±  1.4 28.0 26.5 ±  2.5 
5 26.6 22.1 ±  1.4 23.5 22.0 ±  2.6 
 
Combining the information from the sensitivity analysis for the effective bubble 
density and viscosity, it is clear that the reduced rise velocity of oil-coated bubbles can be 
attributed primarily to the reduced buoyant force due to added weight of oil coat, whereas 
the more spherical shape and more stable trajectory appear to be caused by both buoyancy 
and viscosity effects of the oil. Potentially relevant details of the composite bubble 
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morphology and of flow inside the oil coat obviously cannot be resolved in the present 




Figure 3-18 Experimental results for trajectories of a silicone oil coated bubble rising 
in water: (a) D  = 2.5 mm, (b) D  = 4 mm and (c) D  = 5 mm. Experimental results 
for trajectories of an uncoated bubble rising in water: (d) D  = 2.5 mm, (e) D  = 4 mm 
and (f) D  = 5 mm. The time interval is 0.03 s and the scale bar is 5 mm. 
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Figure 3-19 Typical images of a silicone oil coated bubble rising in water: (a) D  = 2.5 
mm, (b) D  = 4 mm and (c) D  = 5 mm. Typical images of an uncoated bubble rising 
in water: (d) D  = 2.5 mm, (e) D  = 4 mm and (f) D  = 5 mm. The scale bar is 1 mm. 
 
3.4 Conclusions 
In summary, the rise dynamics of a single oil-coated bubble has been systematically 
investigated for the first time to the best of our knowledge. The bubble morphology, size, 
velocity, shape and trajectory are obtained from the frames taken by a high speed camera. 
Oil-coated bubbles display a lower rise velocity, a steadier and more spherical shape, and 
less pronounced lateral excursion than uncoated bubbles of comparable size. 
The experiments were complemented by bubble rise simulations based on the 
volume-of-fluid (VOF) method with dynamic adaptive grid refinement. Oil-coated bubbles 
were simulated in a simplified model as a single fluid phase with 1) an effective surface 
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tension given by the sum of the air-oil and oil-water interfacial tensions; 2) an effective 
bubble density accounting for the mass contribution of oil coat, and 3) an effective bubble 
viscosity equal to the oil phase viscosity. Despite the simplicity of this model, the 
simulations captured the salient qualitative features distinguishing oil-coated and uncoated 
bubbles with respect to terminal velocity, bubble trajectory and bubble shape dynamics. 
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CHAPTER 4. CAPILLARY FOAM – A CONVENIENT METHOD 
TO EVALUATE PARTICLE FLOATABILITY 
4.1 Introduction 
In previous chapters, we have presented the thermodynamic, kinetic and 
hydrodynamic benefits of oil-coated bubble flotation over the conventional uncoated 
bubble flotation. Next, we are interested to evaluate the abilities of particles to be collected 
and separated by oil-coated bubbles (referred to as “particle floatability” in the remaining 
thesis). But before we perform large-scale flotation experiments directly (which can be 
time and material consuming), we will first work on a slightly different but closely related 
system – the aqueous foam system, to evaluate the impact of some system parameters, 
which can help us disqualify some specific particle-oil combinations that are unlikely to 
succeed in the oil-coated bubble flotation. 
In the particle-stabilized foam system (Pickering foam and capillary foam), in order 
to create a significant amount of foams, the particles need to have a good affinity for the 
air-water interface or the oil-water interface. This is similar to what is happening in froth 
flotation: in order for efficient particle separation, the particles need to have a good affinity 
for the bubble surface (either uncoated or oil-coated). With this similarity and connection 
between the aqueous foam system and the froth flotation system, the foaming test can be 
used as a convenient assay to study the particle floatability: particles that can create a 
significant amount of capillary foam (having a good foamability) display better affinity for 
the oil-water interface, and are therefore more likely to be separated by oil-coated bubbles. 
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It is worth mentioning that there are two important properties of aqueous foams: 
stability and foamability. In the context of froth flotation, foamability is of more interest, 
because it is directly related to the entrainment of particles. Meanwhile, foams that are 
overly stable are not desired, because they add no additional benefit to particle entrainment 
but can add more difficulty to the downstream processing steps (i.e., the transport of froth 
in pumps and pipelines). 
The main objective of this chapter is to better understand the foamability of 
capillary foam system. Silica particles were used because they allow for convenient 
modification of the surface hydrophobicity to reveal the potential variation in foamability. 
We followed the standard practice to make capillary foams and measured the initial foam 
height to describe the foamability. Several important parameters including particle 
wettability, ionic strength, pH, and frothing speed were evaluated. The knowledge we 
learned from this chapter will be very useful if applied to the design and optimization of 
froth flotation. This work also adds to our understanding of the formation mechanism of 
capillary foams and acts as a useful guide to enhance the foamability for other practical 
applications. 
 
4.2 Experimental Section 
4.2.1 Materials 
Trimethylolpropane trimethacrylate (TMPTMA) and octadecyltrichlorosilane 
(OTS) were purchased from Sigma-Aldrich. Sulfuric acid (95 – 98 wt %) and hydrogen 
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peroxide (30 wt %) were purchased from BDH Chemicals. Deionized water with a 
resistivity of 18.2 MΩ∙cm was used. Amorphous fumed silica particles with different 
degrees of hydrophobicity (modified by dichlorodimethylsilane, with 100%, 70%, 50% 
and 36% residual SiOH on the surface) were provided by Wacker-Chemie AG (Germany). 
Particle size and zeta potential were determined using a Malvern Zetasizer Nano ZS90. 
The hydrodynamic radius of the above silica particles in 0.1 mM NaCl solution at neutral 
pH is shown in Table 4-1. 
 
Table 4-1 Hydrodynamic radius of silica particles with different degree of surface 
modification by dichlorodimethylsilane. 
Particle (residual silanol %) 100 % 70 % 50 % 36 % 
Radius (nm) 130.8 ±  3.8 83.0 ±  1.2 89.4 ±  1.7 69.6 ±  0.6 
 
4.2.2 Contact Angle Measurement 
Static contact angles of the aforementioned four types of silica have been measured 
in our previous work using compressed silica pellets as the solid substrate.[1] However, it 
was observed that the surface roughness of the pellets may affect the angle measurement 
strongly and in ways that are difficult to assess. Moreover, since the formation of capillary 
foam relies on the dynamic wetting behavior of oil on the pre-wetted particle surface, it 
makes more sense to measure the dynamic contact angle instead. To mitigate the effect of 
surface roughness, the contact angle was measured in an approximate fashion by preparing 
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surface-modified glass slides instead of using the pressed silica pellets. The glass slide was 
treated following an otherwise reported procedure to mimic the most hydrophobic silica 
particle surface.[2] Briefly, the glass slide was first placed in a freshly prepared piranha 
solution (3 parts of 95 – 98 wt% concentrated sulfuric acid and 1 part of 30 wt% hydrogen 
peroxide solution) for two hours to remove any remaining organic contaminants. Then the 
glass slide was dried and placed into toluene containing 2 mM OTS for 12 h. Subsequently, 
the substrate was transferred to an oven and was baked for 20 min at 120 °C. Finally, the 
glass slide was rinsed with toluene, ethanol, deionized water and dried in nitrogen. 
The contact angle of the treated glass slide was measured in a quartz-cell using a 
Ramé-Hart goniometer. The substrate was immersed into the quartz cell filled with 
deionized water, and an oil droplet was then deposited with a 22 gauge needle. The drop 
volume control device was used to increase or decrease the volume of the oil droplet, and 
images of oil advancing or receding angles were obtained using the DROPimage software. 
The reported values are the angles measured through water (supplementary to the angles 
through oil), and water advancing/receding angles correspond to oil receding/advancing 
angles, respectively. 
 
4.2.3 Making Capillary Foams 
A silica particle suspension in water containing a certain amount of particles (3 wt 
%, with respect to the water bulk phase) was first prepared in a 7 mL glass vial. Then a 
small amount of TMPTMA (1 wt %) was added into the vial. Finally, the mixture was 
mechanically frothed using a rotor-stator homogenizer (IKA Ultra-Turrax T10, stator 
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diameter of 8 mm and rotor diameter of 6.1 mm) at 30,000 rpm for 1 min. To ensure 
consistent results, the rotor and stator of the homogenizer were always immersed at the 
same depth (5 mm) into the bulk phase when the homogenization just started, although it 
did not have a noticeable impact on foamability because the turbulence was so strong. 
Images were taken immediately when the process was completed and the initial foam 
height was also measured immediately. 
 
4.3 Results and Discussion 
4.3.1 Effect of Particle Wettability and Ionic Strength 
The effect of particle wettability and ionic strength on the foamability are shown in Figure 
4-1. For hydrophilic silica particles (100% and 70% SiOH), there is hardly any foam 
created regardless of ionic strength. However, for partially hydrophobized silica particles 
(50% and 36% SiOH), a noticeable amount of stable foam was produced even in the 
absence of salt. This can be explained by the difference in thermodynamic energy benefit 
(driving force) of particle adsorption. The reduction in the interfacial energy upon 
adsorption of a single particle to the interface is given by:[3-4] 
 ( )22, 1 cosad ij ij ijG Rπ γ θ∆ = − −  (4-1) 
where γij denotes the surface (or interfacial) tension of the clean interface, θ ij is the contact 
angle of a single particle at the interface, and R is the particle radius. The larger free energy 
reduction upon particle adsorption, the stronger particle attachment to the interface,   
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Figure 4-1 Initial foam height (mm) of capillary foams made with different silica 
particles at various ionic strengths: (a) 100% SiOH, (b) 70% SiOH, (c) 50% SiOH 
and (d) 36% SiOH. All experiments were performed at neutral pH. pH and ionic 
strength were controlled using KH2PO4/K2HPO4 buffer. The ionic strength in this 
paper only considers the contribution from the additional buffer ingredients, not 
including the potential trace amount of contaminants in DI water (which can be 
considered negligible). The green box denotes the capillary foam phase. There exists 
a clear boundary between the foam phase and the remaining bulk aqueous phase, 
which can be distinguished easily when measuring foam height. 
 
therefore better foamability would be expected. For the same type of particles with similar 
size absorbing at the same fluid-fluid interface, the free energy reduction is larger if the 
three-phase contact is closer to 90°. The above observation is also consistent with our 
previous studies: with the particles being more hydrophobic, the three-phase contact angle 
at the oil-water interface gets closer to 90°, which is more thermodynamically favored, thus 
more stable foams can be created.[1] 
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When the particle wetting is beneficial (e.g., 36% SiOH silica particles), the 
boosting of foamability upon adding a small amount of salt can be attributed to the change 
in the kinetic particle adsorption energy barrier. It is known that silica particles and oil 
droplets are both negatively charged in aqueous media above pH 4, and a resulting 
electrostatic energy barrier can hinder the adsorption of silica particles onto the oil-water 
interface.[5-7] This electrostatic interaction can be screened by adding salt ions. As shown 
in Figure 4-1, for partially hydrophobized silica particles (50% and 36% SiOH), the 
foamability is significantly enhanced by adding as little as 1 mM salt (initial foam height 
increases from 7 mm to 23 mm for 50% SiOH silica and from 14 mm to 33 mm for 36% 
SiOH silica). This can be explained by the screening of particle surface charge and a 
resulting lower particle adsorption energy barrier, as confirmed by the zeta potential 
determination (Figure 4-2) and the calculation in the following section (Figure 4-9). 
Adding more salt, however, does not further improve the foamability, arguably 
because the particle surface charge is already sufficiently screened and the Debye length 
does not significantly decrease any more (the Debye lengths corresponding to 1 mM, 10 
mM, 50 mM, and 500 mM ionic strength are 9.6 nm, 3.0 nm, 1.4 nm and 0.4 nm, 
respectively). Instead, a slight decrease of the initial foam height is actually observed with 
the further increase of ionic strength, which is believed to result from the change in particle 
wettability. To confirm our hypothesis, we prepared some glass slides to mimic the most 
hydrophobic silica particle surface, and measured the three-phase contact angle at various 
ionic strengths (as shown in Figure 4-3). We find that the surface becomes more and more 
hydrophobic at increased ionic strength (or decreased Debye length), and the three-phase 
contact angle deviates more and more from 90°, thus there is less energy benefit for the 
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particle to adsorb onto the interface and a decrease in initial foam height can be therefore 
expected (as indicated by Equation 4-1). This observation is also consistent with Simovic’s 
and Kostakis’s previous studies showing that silica particles become more hydrophobic at 
increased salt concentration.[8-10] For the hydrophilic silica particles (100% and 70% 
SiOH), however, the initial foam height does not increase no matter how much salt is 
added. This is because even though the kinetic particle adsorption barrier is significantly 
lowered, the particles are too hydrophilic to adsorb strongly at the oil-water interface, thus 
good foamability cannot be observed. 
 
 
Figure 4-2 Zeta potential of partially hydrophobic silica particles (50% and 36% 
SiOH) at various ionic strengths. The pH was fixed as neutral using buffer solution. 
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Figure 4-3 Dynamic contact angle of the modified glass slide surface. The pH was 
fixed as neutral using buffer solution. 
 
4.3.2 Effect of pH 
 
Figure 4-4 Zeta potential of partially hydrophobic silica particles (50% and 36% 
SiOH) at various pH. The ionic strength was fixed at 10 mM. 
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The surface charge of silica particles is influenced not only by salt concentration, 
but also by pH. As pH increases, the silica particle surface develops more negative charges 
due to the deprotonation of the silanol group (as shown in Figure 4-4). It is worth noting 
that the particles with 50% and 36% residual SiOH show identical charging behavior 
(within measurement uncertainty), which may at first be surprising, since the dissociation 
of the surface silanol group is the (primary) source of surface charge. The reason it makes 
no significant difference to charging (no matter whether 50% or 64% of silanol groups are 
unavailable because of the surface modification) – is the dissociation constant and small 
average spacing between silanol groups on silica surfaces (surface density of ~ 8 nm-2, pKa 
~ 7.5): even at 100% SiOH only a fraction of these groups can ever dissociate because of 
the excessive electrostatic cost of charging neighboring sites.[6] 
With higher surface charge and resulting higher particle adsorption energy barrier, 
lower initial foam height should be expected. To confirm our hypothesis, the foamability 
of capillary foams made with partially hydrophobized silica particles (50% and 36% SiOH) 
was investigated at various pH but fixed total ionic strength (10 mM). As we can see from 
Figure 4-5, the foam height is relatively higher at low and neutral pH, but is significantly 
suppressed at high pH. This can be explained by the fact that silica particles are more 
charged at high pH, thus the particle adsorption barrier is higher, which is confirmed by 
the zeta potential determination (Figure 4-4).  
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Figure 4-5 Initial foam height (mm) of capillary foams made with partially 
hydrophobized silica particles (50% and 36% SiOH) at various pH (adjusted by HCl 
or NaOH). The ionic strength was 10 mM (controlled by NaCl) and the shear speed 
scale was 6. The green box denotes the capillary foam phase. 
 
Figure 4-6 Initial foam height (mm) of capillary foams made with partially 
hydrophobized silica particles (50% and 36% SiOH) with various ionic strength. pH 
was 10 and the shear speed scale was 6. The green box denotes the capillary foam 
phase. 
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After we have demonstrated that foamability is suppressed at high pH due to higher 
surface charge, we are also interested to find out whether this effect can be counteracted. 
We added more salt to screen the charge, and better foamability is observed as expected 
(Figure 4-6). When pH is 10 and ionic strength increases to 100 mM, zeta potential changes 
to -21.5 mV and foam height increases to 21 mm for 50% SiOH silica particle; zeta 
potential changes to -20.9 mV and foam height increases to 21 mm for 36% SiOH silica 
particle. 
 
4.3.3 Effect of Frothing Speed 
 
Figure 4-7 Foam height (mm) versus speed for capillary foams made with 50% SiOH 
silica particles at neutral pH and 50 mM ionic strength. pH and ionic strength were 
controlled using KH2PO4/K2HPO4 buffer. The speed scale 1 to 6 denotes actual rates 




Figure 4-8 Foam height (mm) versus ionic strength for capillary foams made with 
50% SiOH silica particles at neutral pH. pH and ionic strength were controlled using 
KH2PO4/K2HPO4 buffer. The speed scale 4 and 6 denote the actual rate of 14,500 
rpm, and 30,000 rpm, respectively. 
 
If the low foamability at high pH and low screening is indeed related to an 
(electrostatic) adsorption barrier, then it should be possible to improve foamability by 
introducing more mechanical energy to help particles overcome the barrier. We therefore 
made some capillary foams with partially hydrophobized silica particles (50% SiOH) at 50 
mM ionic strength but different frothing speeds (as shown in Figure 4-7), and compared 
the impact of ionic strength at two different frothing speeds (as shown in Figure 4-8). It is 
clear that the initial foam height increases significantly with the increase of frothing speed. 
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It should be mentioned that both increasing shear rate and ionic strength can boost 
foam height (as shown in Figure 4-1, Figure 4-7 and Figure 4-8), but the underlying 
mechanisms are slightly different. We know both the silica particle and oil droplet surfaces 
are negatively charged in the aqueous phase when pH is above 4, and this same charge 
imposes a noticeable energy barrier for the particles to overcome prior to adsorption.[6] 
Increasing shear speed does not change the height of this barrier but provides more energy 
for the particles to overcome it, while increasing salt concentration can significantly lower 
the height of the energy barrier, as shown in the following section. 
 
4.3.4 Calculation of Particle Adsorption Energy Barrier at the Oil-Water Interface 
The interaction between the silica particle and the TMPTMA-water interface can 
be calculated based on the extended DLVO (Derjaguin, Landau, Vervey, and Overbeek) 
theory. The particle adsorption energy barrier results from the joint contributions of van 
der Waals, electric double layer, and image force interactions. 
The van der Waals interaction between a spherical particle and a flat interface is 





= − , (4-2) 
where owpH is the nonretarded Hamaker constant (calculated to be 
211.30 10−×  J) obtained 
by the mixing rule 
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 ( )( )owp oo ww pp wwH H H H H= − − , (4-3) 
and where r  is the particle radius and h  is the separation distance. ooH , wwH  and ppH  
are the Hamaker constants from the exact Lifshiftz theory results for the symmetric 
interaction of TMPTMA (estimated from the value of polymethyl methacrylate), water, 
and silica across vacuum.[12-13] 
The electrostatic double layer (EDL) energy of interaction between the particle and 
the interface was calculated as[12] 
 
2




zek T zeU r h
ze k T k T
ψ ψπε ε κ= −  (4-4) 
where 0ε  is the dielectric permittivity of the vacuum, rε  is the relative dielectric constant 
of water, Bk  is Boltzmann constant, T  is temperature, z  is the ion valence (1 for NaCl 
solution), e  is the elementary charge, 1κ −  is the Debye length , pψ  is the particle surface 
potential (taken as the determined zeta potential), and oψ  is the surface potential of the oil-
water interface, which is estimated from literature values for the xylene-water interface.[5] 
Equation 4-4 is based on a linear superposition of the Gouy-Chapman solutions for the 
electrostatic potential near flat charged surfaces and implements the Derjaguin 
approximation to account for the particle curvature, against which the curvature of the 
fluid-fluid interface is neglected.  
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It is well-known that a charged particle near an interface with discontinuity of 
dielectric permittivity experiences a force pointing towards the more polarizable 










where 1ε  is the dielectric constant of the medium where the particle is located, and 2ε  is 
the dielectric constant of the particle-free medium. The interaction between two spherical 
particles is given by[12] 
 
2




zek T zeU r h
ze k T k T
ψ ψπε ε κ= − , (4-6) 
where iψ , the surface potential of the image charge, is given by Equation 4-7.[12] 
 












In Equation 4-7, wε  is the dielectric constant of water and oε  is the dielectric constant of 
TMPTMA (estimated from the value of butyl methacrylate[14]). 
The total interaction is the sum of Van der Waals interaction, electrostatic double 
layer interaction and image force interaction. Figure 4-9 shows the interaction profile at 
different ionic strengths. The particle adsorption energy barrier significantly exceeds the 
energy of regular thermal flocculation, thus substantial additional energy input (such as the 
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mechanical energy of mixing) is required for the particles to overcome this barrier and 
reach the interface. It is clear that when ionic strength is 1 mM, the barrier has been 
significantly lowered compared with 0.001 mM, thus it becomes relatively easier for the 
particles to reach the interface, which is consistent with the dramatic increase of foam 
height as shown in Figure 4-1. Although higher ionic strength (above 1 mM) can further 
reduce the adsorption energy barrier, the particle surface actually becomes more and more 
hydrophobic (Figure 4-3), thus better foamability is not observed (Figure 4-1) beyond the 
initial increase between 0.001 mM and 1 mM. In other words, there exists an optimal ionic 
strength corresponding to the optimal foamability for partially hydrophobic silica particles. 
 
Figure 4-9 Calculated extended DLVO interaction energy profiles between the 50% 
SiOH silica particle and the TMPTMA-water interface. 
 
One may argue that in a system subject to a large input of irreversible mechanical 
work (i.e., homogenization) system, the balance of interaction forces is more relevant than 
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the balance of interaction energies. Theoretically, the formation of a capillary foam must 
meet the requirement that the maximum repulsive force between the particle and the 
interface must be overcome by the hydrodynamic force pushing the particle toward the 
interface[15]: 
 max( )vdw EDL img mixF F F F+ + > , (4-8) 
where vdwF , EDLF , imgF  and  mixF  are the Van der Waals force, electrostatic double layer 
force, image force and the mechanical mixing force, respectively, and they are calculated 
in the same manner as in our previous work.[16] The force profile between 50% SiOH 
silica particle and the TMPTMA-water interface at different ionic strengths is shown in 
Figure 4-10. It is interesting that for some intermediate ionic strengths, the overall 
interaction force between the particle and the interface has a maximum value, but it is on 
the same order of magnitude as the mixing force; for extremely low or extremely high ionic 
strength, there is no such maximum and the overall interaction force is always smaller than 
the mixing force. This observation explains why capillary foam can be successfully made 
at all these conditions (as shown in Figure 4-1c). It is worth noting that the calculation of 
each single component in the overall interaction force typically contains significant 
uncertainty, thus the sum of the three large numbers also contains significant uncertainty 
that is difficult to estimate. Therefore, one should not take it for granted that F/Fmix > 1 
indicates no capillary foam can be created. 
 
4.3.5 Relation between Foamability and Stability 
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Both foamability and stability are important criteria to describe foam properties, 
but there has been no systematic study elucidating the relationship between them. Although 
the main topic of this paper is foamability, we were also interested to evaluate the long-
term stability of capillary foams. Capillary foams stabilized by partially hydrophobized 
silica particles (50% and 36% SiOH) at neutral pH but various ionic strengths (adjusted by 
the buffer ingredients) for a period of up to seven days are shown in Figure 4-11 and Figure 
4-12 in the supporting information. It is observed that at low ionic strength (less than 10 
mM), the foamability is good, but the long-term foam stability is poor. This result indicates 
that good foamability does not necessarily lead to good foam stability. To identify a more 
general and universal relation between foamability and stability, more future studies will 
be required. 
 
Figure 4-10 Calculated force profile between 50% SiOH silica particle and the 




Figure 4-11 Foam height (mm) over time of capillary foams made with partially 
hydrophobized silica particles (50% SiOH) at natural pH but with various ionic 
strength. pH and ionic strength were controlled using KH2PO4/K2HPO4 buffer. The 
blue numbers in the figure denote the height of the capillary foam. 
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Figure 4-12 Foam height (mm) over time of capillary foams made with partially 
hydrophobized silica particles (36% SiOH) at natural pH but with various ionic 
strength. pH and ionic strength were controlled using KH2PO4/K2HPO4 buffer. The 
blue numbers in the figure denote the height of the capillary foam. 
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4.4 Conclusions 
In this work, the foamability of capillary foams made with partially hydrophobized 
silica particles was investigated systematically. We find that particles need to have 
beneficial wetting at the oil-water interface in order to achieve good foamability, and the 
foamability is further impacted by the ionic strength. There exists an optimal ionic strength 
corresponding to the optimal foamability, below which the kinetic adsorption barrier is too 
high for the particles to overcome, above which the particle wetting is no longer beneficial 
because the silica particle becomes too hydrophobic. Increasing the homogenization 
intensity during frothing can also enhance the foamability by providing more energy for 
particles to overcome the adsorption energy barrier. We have also confirmed that silica 
particles are less charged at low pH, and a lower particle adsorption barrier and better 
foamability are therefore observed. We expect that the option to enhance foamability by 
adjusting the effective particle surface charge will prove useful in the design of new foam-
based materials (e.g., personal care products, food and beverages) and the operation of 
foam-related processes (e.g., washing, firefighting). 
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CHAPTER 5. OIL-COATED BUBBLE FLOTATION FOR 
SEPARATING HYDROPHILIC INK PARTICLES 
5.1 Introduction 
In previous chapters, we have discussed some fundamental aspects 
(thermodynamics, kinetics and hydrodynamics) of oil-coated bubble flotation, showing its 
potential advantages over the traditional froth flotation. We have also talked about the 
capillary foam system, which can be used as a convenient method to evaluate the particle 
floatability (the ability to be collected and removed by gas bubbles). For instance, it is 
reasonable to predict that partially-hydrophobized silica particles have better floatability 
than hydrophilic silica particles, based on their better ability to create capillary foams. 
We now want to work on some applied, industrially-relevant separation systems to 
examine the performance of oil-coated bubble flotation. Flotation de-inking is such an 
application where the newer type of hydrophilic ink particles are difficult to separate with 
conventional technology. Inspired by the use of oil as collectors in mining operation, oil-
assisted flotation de-inking has been initiated in the past few decades. Pelton et al.[1-2] 
found that air bubbles coated with silicone oil can enhance deinking performance in the 
1990s, and Gomez et al.[3] further investigated an aerosol enhanced deinking process using 
oil-coated bubbles in 2001. However, these efforts received very little attention (only 2 
citations in the last 10 years), and the underlying de-inking mechanism and the impact of 
each individual system parameter were not fully understood. 
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The objective of this chapter is to systematically evaluate the possibility of applying 
oil-coated bubbles to ink removal and to better understand the de-inking mechanism. We 
started with some miniaturized de-inking tests by adopting similar frothing protocol when 
we created capillary foams, to evaluate the impact of each individual system parameter 
efficiently. We also built a lab-scale flotation de-inking column and made some paper pads 
from recycled office paper. Improvement in paper brightness and effective residual ink 
concentration (ERIC) demonstrated the feasibility of oil-coated bubble de-inking. We 
believe the hydrophilic ink particle can serve as a model particle to demonstrate the broader 
applications of oil-coated bubble flotation for separating other mildly hydrophilic particles. 
 
5.2 Experimental Section 
5.2.1 Materials 
The hydrophilic ink (HPI-4060D) was purchased from InkTec Co., Ltd. Ink particle 
size and zeta potential were determined using a Malvern Zetasizer Nano ZS90. Silicone 
oil, decane, hexadecane, paraffin oil, NaClO4, and NH4Cl were purchased from Sigma-
Aldrich. NaCl and CaCl2 were purchased from Honeywell Fluka. MgCl2·6H2O, HCl and 
NaOH were purchased from EMD Chemicals Inc. Oleic acid was purchased from ICN 
Biomedicals Inc. H2O2 was purchased from BDH Chemicals. Na2SiO3·5H2O was 
purchased from Fisher Scientific. 1-octanol was purchased from Tokyo Chemical Industry 
Co., Ltd. All chemicals were used as received. 
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5.2.2 Miniaturized De-Inking Test 
 
Figure 5-1 Diagram of the miniaturized de-inking test. 
 
To evaluate the de-inking performance under different conditions more efficiently, 
we designed and carried out the miniaturized de-inking test (as shown in Figure 5-1). An 
ink particle suspension in water containing certain amount of particles (adding 6 μL 
concentrated ink suspension into 10 mL DI water) was first prepared in a 20 mL glass vial. 
Different salt was then added and pH was adjusted. A small amount of immiscible oil (0.5 
mL) was added into the vial subsequently. Finally, the mixture was mechanically frothed 
using a rotor-stator homogenizer (IKA Ultra-Turrax T10, stator diameter of 8 mm and rotor 
diameter of 6.1 mm) at 30,000 rpm for 3 min (with a 20 s pause between each minute). To 
ensure consistent results, the rotor and stator of the homogenizer were always immersed at 
the same depth (5 mm) into the bulk aqueous phase when the homogenization just started, 
although it did not have a noticeable impact on the test because the turbulence was so 
strong. The treated sample was then analyzed using a UV-vis spectrophotometer 
(Shimadzu UV-1800) to determine the residual ink concentration. The absorbance at 300 
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nm wavelength and the actual ink concentration were correlated based on Beer-Lambert 
Law. The ink particle removal efficiency was calculated as the following: 
 Efficiency (%) =  
initial ink (ppm) − remaining ink (ppm)
initial ink (ppm)
× 100 %. (5-1) 
 
5.2.3 Lab-scale De-Inking Test 
Figure 5-2 shows the diagram of the lab-scale de-inking test apparatus, which is 
similar to the experimental set up designed by Chen et al.[4] It consists of a nebulizer 
(Shenzhen Fitconn Technology Co., Ltd.), a gas flowmeter (Cole-Parmer Instrument 
Company, LLC.) and a Denver D12 Laboratory Flotation Machine (Metso Co. Inc.). Oil is 
added into the nebulizer and is transformed into oil mist. Additional compressed air is 
added to the oil mist to ensure the same gas flow (~ 15 L/min) both in the presence and 
absence of oil mist. 
 
Figure 5-2 Diagram of lab-scale de-inking test. 
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The lab-scale de-inking test was performed following a standard procedure 
(Method 11: Assessment of Print Product Recyclability – Deinkability Test) suggested by 
International Association of the Deinking Industry (INGEDE) (as shown in Figure 5-3).[5] 
The INGEDE standard printing pattern for de-inking test was first printed on some 
newsprint paper (ISO brightness 49.20 % ± 0.11 %) using the hydrophilic inkjet ink 
(InkTec HPI-4060D) and a HP DESKJET 100 printer. Then the paper was shredded into 
small pieces and was dried in the oven. A certain amount of oven-dried recycled paper 
(200.00 g) was mixed with 400.00 g de-inking solution (containing 1.20 g NaOH, 1.60 g 
oleic acid and 6.26 g Na2SiO3·5H2O) and 630 g hard water (containing 0.30 g 
CaCl2·2H2O). The mixture was pulped using a food mixer (KitchenAid Artisan 
KSM150PSER 5) in 45 °C water bath for 2 min, followed by another 18 min after 100.00 
g deionized water and 1.40 g H2O2 were added. After pulping, the mixture was 
conditioned: 302.70 g pulp mixed with 600 mL hard water (containing 0.28 g CaCl2·2H2O) 
was conditioned in 45 °C hot water bath for 60 min. Subsequently, the conditioned pulp 
was mixed with 4.5 L hard water (containing 2.12 g CaCl2·2H2O). Finally, flotation was 
performed in the flotation machine. Oil-coated bubble flotation was performed in a similar 
fashion except that oil mist was introduced into the system. After flotation, paper pads were 
made by filtering the de-inked pulp and were air-dried for at least 24 h. The ISO paper 




Figure 5-3 Procedure of lab scale de-inking test. 
 
5.3 Results and Discussion 
5.3.1 Miniaturized De-inking Test 
5.3.1.1 Effect of Oil Type 
There are several important system parameters involved in the oil-coated bubble 
de-inking, such as oil type, salt type, salt concentration and pH. To evaluate the impact of 
each individual parameter more efficiently, we designed a miniaturized de-inking test 
performed by mechanically frothing a mixture of particles, water and oil in a small vial 
(Figure 5-1). Our recent studies suggest that in such a homogenized system, air bubbles are 
introduced into the bulk aqueous phase and the small amount of oil supplied can wrap 
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around them to form oil-coated bubbles (either partially coated or completely coated, 
depending on the spreading coefficient of the oil).[6-8] It is reasonable to argue that the 
miniaturized de-inking test serves as a very convenient and efficient screening method for 
larger scale flotation de-inking test that uses either uncoated or oil-coated gas bubbles, in 
the sense of being able to create sufficient air-water or oil-water interfaces that allow for 
particle adsorption. 
 
Figure 5-4 Effect of oil type on the ink particle separation efficiency. NaCl 
concentration is 50 mM and pH is neutral. 
 
The effect of oil type on the ink particle removal efficiency is shown in Figure 5-4. 
In the presence of a small amount of oil, the ink separation efficiency is significantly 
enhanced. It is interesting that there is noticeable difference using different types of oils, 
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arguably resulting from the variance of interactions between the oil and the hydrophilic ink 
particles. One possible reason can be related to the oil polarity. Being the most polar oil 
among all that we have tested (as indicated by the literature value of relative permeability 
shown in Table 5-1), 1-octanol has a more dominant “hydrophilic” part compared to the 
“hydrophobic” part and has a strong interaction with the hydrophilic ink, therefore giving 
the highest ink removal efficiency of 96.1 % ± 1.9 %. The other four types of oil share 
similar relative permeability, but still display different ink particle removal behavior. It is 
possible that the oils we use are of different grades from the oils reported in the literature 
(especially for paraffin oil and silicone oil) and can have different dielectric constants, 
therefore the order of performance is different from what we expected. 
 
Table 5-1 Relative permeability (dielectric constant) of oils used in the miniaturized 
de-inking test. Measurement uncertainty was not reported in the literatures. 
Oil Paraffin oil Hexadecane Silicone oil Decane 1-Octanol 
Relative permeability 
εr (10-12) 
2.2[9] 2.0[10] 2.2– 2.8[9] 2.0[11] 10.3[12] 
 
5.3.1.2 Effect of Salt Type 
The impact of salt type on the ink particle removal efficiency in the presence and 
absence of decane is shown in Figure 5-5. Decane is used because it exhibits intermediate 
ink removal performance compared with other oils (as shown in Figure 5-4), therefore it 
can better reveal the different de-inking abilities of various types of salts. It is obvious that 
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even at the same ionic strength, there is significant variance between different salts, with 
divalent salts performing better than monovalent salts. This can be explained by their 
different ability to screen particle surface charge and promote particle aggregation. Figure 
5-6 shows the change of particle size over time in the presence of different salts, and Figure 
5-7 shows the zeta potential of ink particle at different conditions. It is worth noting that 
dynamic light scattering (DLS) determination is known to be less accurate for particles 
larger than 1 μm, but it still gives valuable insights that CaCl2 and MgCl2 enhance the 
aggregation and agglomeration of the ink particles more efficiently compared with other 
salts, therefore promoting the removal of ink particles by rising gas bubbles. These 
observations are consistent with the well-known Schulze-Hardy Rule: multivalent counter 
ions destabilize colloidal suspensions much more effectively than monovalent counter 
ions.[13-14] 
 
Figure 5-5 Effect of salt type on the ink particle removal efficiency. Ionic strength is 
30 mM and pH is neutral. 
 114 
 
Figure 5-6 Ink particle size over time in the presence of different salts. Ionic strength 
is 30 mM and pH is neutral. 
 
 
Figure 5-7 Ink particle zeta potential versus salt concentration at neutral pH. 
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5.3.1.3 Effect of Salt Concentration 
The impact of salt concentration on ink particle removal efficiency is shown in 
Figure 5-8, and the impact on particle zeta potential and particle size are shown in Figure 
5-7 and Figure 5-9, respectively. It is clear that in the absence of decane, increasing salt 
concentration does help screen the surface charge of ink particles (Figure 5-7), but 
hydrophilic ink particles do not have good affinity for the air-water interface and will 
largely remain in the aqueous phase (Figure 5-8). On the contrary, in the presence of decane 
the additional salt is also expected to screen particle surface charge, but the ink particles 
have better affinity towards the oil-water interface. The affinity provides a driving force 
for particle adsorption onto the oil-water interface of the bubble and the charge screening 
lowers the electrostatic repulsive barriers. 
 




Figure 5-9 Ink particle size as a function of time in aqueous dispersions of different 
NaCl concentrations. The pH is neutral. The dispersion is prepared by diluting 6 μL 
original concentrated ink with 100 mL deionized water.  
 
5.3.1.4 Effect of pH 
Figure 5-10 shows the impact of pH on the ink particle removal efficiency both in 
the absence and presence of decane. It is obvious that lower pH enhances the removal of 
ink particles from water, regardless of oil. This is consistent with the particle zeta potential 
and particle size results shown in Figure 5-11 and Figure 5-12. Namely, less surface 
charges leads to lower particle adsorption energy barrier, therefore ink particles adsorb 
more readily at the air-water or oil-water interface associated with bubbles. The specific 
type of hydrophilic ink particles used has an isoelectric point around pH 3. With increasing 
negative charge developed above this pH, it becomes more difficult for the particles to 
form large aggregates, and the particle adsorption barrier near the interface is also 
increased; therefore, the ink removal efficiency is lower. 
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Figure 5-10 Ink particle separation efficiency as a function of pH in the presence of 
30 mM NaCl. 
 
 
Figure 5-11 Ink particle zeta potential versus pH. Ionic strength is 30 mM. 
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Figure 5-12 Ink particle size over time at different pH in the presence of 30 mM NaCl. 
 
5.3.2 Lab-scale De-Inking Test 
Based on the above results from the miniaturized de-inking tests to evaluate the 
impact of individual system parameters, we conducted lab-scale de-inking tests. Figure 
5-13 shows a qualitative comparison between conventional flotation de-inking and decane-
assisted flotation de-inking. When the gas flow containing decane mist was fed, the de-
inking performance is significantly improved, which is consistent with the previous results 
of miniaturized de-inking tests. 
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Figure 5-13 Comparison of lab-scale de-inking using conventional flotation and 
decane-assisted flotation. There is 10 mM MgCl2 in both cases and pH is neutral.   
 
We also followed the standard practice to make some paper pads from recycled 
papers. The detailed pulping and de-inking procedures are presented in the Experimental 
Section. Figure 5-14 shows the comparison of brightness and ERIC of paper pads following 
different de-inking protocols. Scenario B, C and D display significant improvement of 
paper brightness compared to the paper pad made from the pulp that was not de-inked 
(scenario A), fully recovering the brightness of the original recycled paper. In scenario C, 
there was 10 mM MgCl2 added, which was very effective to promote the aggregation of 
ink particles (as shown in the miniaturized de-inking tests). However, since there is no oil 
involved, the uncoated bubbles alone are not able to collect those aggregated ink particles; 
therefore the ERIC value is even higher than that on the paper pad made from the pulp de-
inked by uncoated bubbles in the absence of salt. The last scenario D involves both salt and 
oil, where ink particles aggregate easily and are adsorbed and removed easily, achieving 
the lowest ERIC value among these four scenarios. In scenario D, both brightness and 
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ERIC show significant improvement compared to the scenario B using conventional 
flotation de-inking (with t-test p-values being less than 0.001). 
 
Figure 5-14 Comparison of paper brightness and ERIC of paper pads underwent 
different de-inking methods. 
 
There can be concerns on the product yield and fiber loss in the flotation de-inking, 
especially when we introduce oils such as 1-octanol that may have higher affinity for both 
the hydrophilic ink particles and paper fibers. Our hypothesis is that better paper brightness 
and lower ERIC value can be achieved, yet not at the cost of losing more fibers. To test 
this hypothesis, we measured the exact amount of fibers lost in scenarios B and D. In the 
absence of 1-octanol (groups B1 through B3 in Table 5-2), there are huge amount of foam 
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created, leading to a significant amount of overflow which entraps paper fibers physically 
and causes a higher fiber loss. In the presence of 1-octanol (groups D1 through D3 in Table 
5-2), however, it is observed that the foamability of the system is slightly suppressed (yet 
still good enough to maintain a reasonable amount of froth layer that can be skimmed off), 
therefore less paper fibers are rejected along with the overflow. Based on the results shown 
here, we believe the concern on fiber loss can be alleviated. 
 
Table 5-2 Comparison of conventional de-inking and oil-assisted de-inking. Group B 








fiber (g)  
Fiber 





B1 1500 14.05 33.40 29.61 50.23 ± 0.38 571.1 ± 15.6 
B2 925 11.71 36.09 24.50 48.43 ± 0.52 481.5 ± 26.5 
B3 1120 11.20 33.21 25.22 48.87 ± 0.75 587.7 ± 25.4 
D1 450 7.59 40.30 15.85 50.33 ± 0.16 526.9 ± 8.2 
D2 550 7.46 40.46 15.57 50.85 ± 0.26 498.4 ± 5.6 
D3 540 7.12 40.73 14.88 51.26 ± 0.24 429.3 ± 6.4 
 
It is worth noting that the actual de-inking process in the paper recycling industry 
is much more complicated than the simplified experiments we have presented here. For 
instance, the detachment of ink particles from paper fibers into water is another essential 
step, but is out of the scope of our current work. However, this is the first systematic study 
to evaluate the impact of each individual system parameter of flotation de-inking using 
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both uncoated and oil-coated bubbles, to the best of our knowledge. Future work will be 
necessary to help us understand the process more thoroughly in order to apply this method 
in the larger manufacturing scale. 
 
5.4 Conclusions 
In this work, flotation de-inking using both uncoated and oil-coated bubbles was 
performed with miniaturized homogenized samples and lab-scale flotation de-inking 
testing. System parameters including oil type, salt type, salt concentration and pH were 
systematically evaluated. We found that oil-coated bubble flotation often dramatically 
outperforms the standard technique with uncoated bubbles; the highest ink removal 
efficiency was observed in systems containing multivalent salts at low pH when using 
bubbles coated with 1-octanol. This work sheds light on the mechanism of oil-coated 
bubble flotation in the separation of less hydrophobic or even mildly hydrophilic particles, 
and is expected to trigger broader interests in many other separation systems. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK  
6.1 Conclusions 
Oil-coated bubble (gas bubble coated with a thin film of oil) displays many 
interesting properties because of its unique structure. Inspired by our previous studies on 
capillary foam (which consists of oil-coated bubble as the unit structure) and the current 
challenges in selective solid-liquid separation processes, we explored a new principle in 
froth flotation that will facilitate the separation of those components from aqueous 
dispersions or slurries that are not easily removed by traditional flotation because of their 
unfavorable interaction with gas bubbles. 
We started by investigating the fundamental aspects of oil-coated bubbles. Oil-
coated bubble flotation is found to exhibit advantages over the traditional method from the 
following perspectives: 1) thermodynamics: for some hydrophilic particles, the adsorption 
energy benefit is higher at the oil-water interface compared to air-water interface, therefore 
particles attach more strongly to the interface; 2) kinetics: the particle adsorption barrier is 
lower at the oil-water interface compared with air-water interface, therefore particles 
adsorb onto the oil-water interface more readily; 3) hydrodynamics: oil-coated bubbles 
rising in water display lower rising velocity, reduced magnitude of lateral excursions and 
more spherical shape compared with uncoated bubbles. These hydrodynamic differences 
can be beneficial to the flotation process. For example, lower rising velocity means the 
bubbles can stay longer in the slurry, therefore having more opportunities to interact with 
the particles. 
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Next, we are interested to evaluate its performance to separate some less 
hydrophobic or even mildly hydrophilic particles, which are usually difficult to separate 
using the current technology. Inspired by our previous studies on capillary foams, we have 
developed a simple and convenient method – a foaming test to evaluate the abilities of 
particles to be collected and separated by gas bubbles. Particles that can create a noticeable 
amount of capillary foams typically indicate high affinity to the oil-water interface, 
therefore are more likely to be separated using oil-coated bubble flotation. 
Finally, we focused on an industrially-relevant separation system to examine the 
performance of oil-coated bubble flotation. Flotation de-inking is such an interesting 
application where the newer type of hydrophilic ink particles are difficult to separate with 
current technology, but which might be accomplished with oil-coated bubble flotation. It 
is also a convenient system to investigate, because the absorbance of ink particles at UV-
vis wavelength range allows for quantitative evaluation of the flotation performance. The 
ink particle also serves as a good model to demonstrate the broader applications of oil-
coated bubble flotation for separating other hydrophilic particles. In this study, flotation 
de-inking using both uncoated and oil-coated bubbles was performed with miniaturized 
and larger-scale tests. System parameters including oil type, salt type, salt concentration 
and pH were systematically evaluated. We found that oil-coated bubble flotation often 
dramatically outperforms the standard technique with uncoated bubbles; the highest ink 
removal efficiency was observed in systems containing multivalent salts at low pH when 
using bubbles coated with 1-octanol. This work sheds light on the mechanism of oil-coated 
bubble flotation in the separation of less hydrophobic or even mildly hydrophilic particles, 
and is expected to trigger broader interests in many other separation systems. 
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6.2 Future Work 
6.2.1 Bubble Rise Dynamics 
In Chapter Three, we have presented the dynamics of oil-coated bubbles rising in 
water, but only focused on completely engulfed oil-coated bubbles.[1] It would be 
interesting to carry out a parallel study on partially engulfed oil-coated bubbles because 
not all the oils have a positive spreading coefficient and are able to completely engulf the 
gas bubbles. Some people may argue that the partially engulfed oil-coated bubbles will not 
perform well because the bubble surfaces are not fully utilized for particle attachment. In 
the meantime, however, some previous studies have suggested that the particle-bubble 
attachment occurs mainly in the “rear end” of the bubbles,[2-3] therefore there should be 
no difference in particle separation between these two types of oil-coated bubbles. In the 
future, a systematic study will be very instructive to see whether there is any difference in 
their rise dynamics and to what extent it may impact the flotation performance. 
In addition, our simulation for the rise dynamics of oil-coated bubbles is based on 
a crude and simplified single-phase representation of these bubbles, which neglects the 
bubbles’ actual composite structure and does not consider the flow recirculation within the 
thin film. To obtain more precise simulation results, a more realistic multi-phase 
representation of the oil-coated bubbles will be required. 
 
6.2.2 Measurement of Particle Adsorption Energy Barrier 
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As presented in Chapter Two, there exists some particle adsorption energy barrier 
at the interface, and it is shown to be lower at the oil-water interface than that at the air-
water interface based on some theoretical estimation. A more precise and convincing 
experimental determination will be necessary to confirm this claim. Our preliminary 
experimental results were based on the dynamic surface tension measurement using 
pendant bubble (or droplet) method. However, as pointed out by some recent studies,[4-7] 
the pendant bubble (or droplet) falls into the diffusion-limited region, therefore the kinetic 
adsorption energy barrier is not well revealed. As an alternative, the micro-tensiometer 
developed by Alvarez et al.[7] is promising for further investigation, because the bubble or 
droplet size is below the critical value and the particle mass transfer is truly controlled by 
the adsorption/desorption kinetics. 
 
6.2.3 Flotation De-Inking 
The real flotation de-inking process includes the following essential steps: [8] 
 Ink particles detach from the fibers; 
 Ink particles collide with the air bubbles (or oil-coated bubbles) 
 The collision must provide sufficient energy to overcome the repulsive forces 
between the particles and the bubbles in order to form a stable complex; 
 The air bubble must carry ink particles to the top; 
 The air bubble/ink particle complex must be removed and cannot be recycled back 
into the slurry. 
The detachment of ink particles from fibers is a pre-requisite step to ensure good 
ink removal efficiency, but was not investigated in our study. In addition, after we 
introduce oil to the de-inking system, it will be necessary to evaluate oil carryover and oil 
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consumption, to ensure this new method is feasible both technically and economically.[9-
11] 
 
6.2.4 Oil-Coated Bubble Flotation for Polycyclic Aromatic Hydrocarbons Removal 
Polycyclic aromatic hydrocarbons (PAHs) are organic compounds with at least two 
aromatic rings, and they usually come with great human health risks. PAHs may enter the 
environment through industrial burning, such as coal plants, from which dust or sediment 
enters surface waters and attaches to the soil. Extracting PAHs from soil has proven to be 
difficult since PAHs have low water solubility, absorb tightly to soil particles and are 
resistant to chemical breakdown. Although some companies that are responsible for the 
PAHs contamination are aware of the potential risks of exposure, they do not have a strong 
incentive to clean up contaminated sites since it is cheaper to pay the government fines 
instead of finding a solution to clean the sites. Some methods such as accelerated solvent 
extraction[12] and microwave-assisted solvent extraction[13] have been reported to 
remove PAHs from soil, but they may not be economic and efficient, and therefore a better 
solution is needed. 
We believe the oil-coated bubble flotation method might be promising to address 
this separation challenge in situ. A section of the river can be isolated with walls. In this 
walled section, a carrier gas and a solvent can be pumped below the soil, such that the 
PAHs can be carried by oil-coated bubbles to the top of the water, where they can be 
skimmed off readily. It would be very interesting to evaluate the feasibility of this method 
in the future. 
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6.2.5 Customizable Flotation 
We have shown that after coating with a thin film of oil, gas bubbles are able to 
selectively separate some certain particulates from water (for instance, some less 
hydrophobic or even mildly hydrophilic particles, which are difficult to remove with 
current methods). For broader applications of oil-coated bubble flotation, it will be very 
instructive to learn whether “chemically matching” the oil coat to the particle target 
provides a substantial added benefit. Recently, our group have explored a broader range of 
particle-oil combinations that have high affinity (such as hydrophobic-hydrophobic 
interaction, π-π interaction and acid-base interaction).[14] Future work will be meaningful 
to demonstrate the feasibility of “affinity flotation”. 
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